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FOREWORD

This manual for ground-mounted, air-supported single- and double- I
wall structures has been prepared by N*vee !nte••.atlonal Corporation,
Birminghaa, Alabama. The manual presents information on wind tunnel
tests conducted in support of design data and an analysis of tent fabric
stresses. Configurations Investigated include spherical and cylindrical
tingle-wall tents and cylindrical double-wall tents with flat ends. Wind
tunnel tests were conducted in the six-foot by six-foot stability tunnel
at Virginia Polytechnic Institute, Blacksburg, Virginia. InIt4.l work
was conducted for the U. S. Army Natick Laboratories, Natick, Massachu-
setts under Contract DA19-129-AMC-129(N), during the period of July 1963
to October 1966. Additional analyses and tests were conducted under
Contract DA19-129-A1!C-953(N) from May 1966 to May 1968. Data presented
supplements and supersedes information shown in U. S. Army Natick Labora-
tories Technical Report 67-36-HE, "Wind Tunnel Tests and Analyse@ for
Ground Mounted Air-Supported Structures", dated October 1966.

Mr. Constantin J. Monego, of ,the General Equipment & Packaging
Laboratory at the Natick Laboratories, was the Army Project Engineer for
this program. Mr. A. E. Dietz was the Program Manager, and Messrs. R. S.
Proffitt, R. S. Chabot, and E. L. Moak were the principal investigators
for the Hayes International Corporation. The assistance provided by Mr.
C. J. Monego of the Natick Laboratories, Dr. R. T. Keefe and Prof. F. G.
Maher of the Virginia Polytechnic Institute, and the personnel of the
Technical Engineering Department of Hayes International Corporation are
gratefully acknowledged. In particular, many thanks are due Mr. Joseph

* I. Blubm, Chief, Applied Mechanics Research Laboratory, and his staff
at the Watertown Arsenal, Watertown, Massachusetts, for review and anal-
ysis of this report, which resulted in many valuable comments and recom-
mendations, and to Messrs. J. H. Flanagan, W. C. Whittlesey, and C. W.
Weikert for their encouragement and support of this work.
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ABSTRACT

'The objective of this program is to provide tentage information
baseG on wind tunnel test data that can be applied either to the evalu-
at!o- andl prvennt of exisLing ground-mounted, air-supported tents
or to the design of such future structuras.

The program consisted of two study, test and analytical investi-
gation phases, the first from July 1963 to October 1966, and the second
from May 1966 to May 1968. This second report is a revised and expanded
edition of a prior study entitled "Wind Tunnel Tests and Analysis of
Ground Mounted Air-Supported Structures". During the study phase a
review was made on pertinent literature on experimental techniques, data
and analyses applicable to determining maximum aerodynamic force and
stresses in fabric structures.

The first wind tunnel investigation consisted of detailed investi-
gations of basic single-wall tent configurations constructed of porous
and nonporous fabrics and double-wall tents. The tent configurations
tested included shelter ahapes such as spheres, cylinders with spherical
ends,and cylinders with flat ends. This study was made to expand the
scope of the report to include data on cylindrical shelters with ellip-
tical ends, the bending stiffness of an inflated beam, vibration charac-
teristics of single-wall and double-wall shelters, the effect cf wind
skirts on the ground anchors, and a study of factors to improve the
stability of double-wall shelters.

Tests were conducted at stabilized wind speeds up to 110 miles per
hour.in the Virginia Polytechnic Institute's six-foot by six-foot
stability tunnel. In the analytical phase, test data were used to
develop fabric stress and aerodynamic coefficient data variation with
tent parameters.

Results of the wind tunnel investigations and stress analyses have
been incorporated and include comprehensive, practical design data suit-
able for engineering reliable, stable, single- and double-wall, air-
supported shelters. Data, in general, are presented In nondimensional
coefficient form, and, therefore, are applicable co ful.1--scale shelters
within the range of the parameters investigated. Design information is
presented as charts and tables on shelter aerodynamic force and moment
coefficients, anchor and guy line coefficients, structural deflection,
vibration, and material stresses.
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WIND TUNNEL TESTS AND ANALYSES FOR GROUND-MOUNTED, AIR-SUPPORTED STRUCTURES
(Revised)

rNTRODUCTION

In March 1956, a revised edition of the Design Manual for Spher-
ical Air Supported Radome. was published by Cornell Aeronautical Labors-
tory. Since its publication, air-supported structures of other than
spherical shapes have been adopted by the Army. Design and fabrication of
these tents have generally been limited to the semi-empirical methods out-
lined in the revised Design Manual for Spherical Air-Supported Tents and
data estimated to cover other basic configurations.

In order to assist the tentage engineer to more accurately define
the criteria for design of air supported structuras, the U. S. Army Natick
Laboratories contracted with Hayes International Corporation to formulate
practical design criteria for single-and double-wall air supported struc-
tures. The program included a comprehensive analytical study and model
wind tunnel tests resulting in a Design Manual for ground mounted air
supported tents. A more rigorous solution to the analytical determination
of fabric stresses is included in this investigation which, combined with
the latest materials and accessory equipment information furiished by the
Army, has produced more precise tentage design criteria than has hereto-
fore been available to the Army designer.

The Design Manual has been prepared in two parts for the con-
venience of the user. Wind Tunnel Tests and Analyses for Ground-Mounted,
Air-Supported Structures contains a detailed description of the wiud tunnel
test investigations and data reduction techniques, together with a com-
prehensive analytical deteimination of maximum fabric stresses through
use of measured tent pressure distributions. Design Manual for Ground-
Mounted Air-Supported Structures (Single-and Double-Wall) presents the
results of the teots and analyses in a concise form of design tables and
curves for both single-and double-wall tents together with sample problems
illustrqting the use of the data.



SECTION 2

GENERAL DISCUSSION

BACKGROUND
The art of tent making is thousands of years old. For centuries,

through trial and error, man has constructed 6jffective shelters for habit-
ation and the housing of equipment. The evolution of this art has covered
a myriad of configurations, but only recently has a way been found to
eliminate the cumbersome weight of the supports through the use of inflation
techniques. The forerunner of air-supported te•its dates back to early
World War 11 days when an external enclosure over a radar antenna was
found desirable. This use was motivated by the necessity for protection of
the radar installation from high winds. These early installations were
small in size and the material used ranged from single sheets to molded
plexiglas or plywood to multiple layers of sandwich-type construction. The
first reported use of a resinimpregnated glass fabric as a radome material
stemmed from an attempt to reduce the moisture absorption properties of ply-
wood on the earlier models through the application of a thin protective
overlay on the external surface of the radome.

Larger radomes were dictated for uso on. later World War II radar
installations. The advent of radomes ranging in diameter from 35 to 55
feet arose from the necessity to extend the Uv~ited States Air Defense after
World War II to include radar detection system; located in arctic zones
of operation. Operational radars of that time. were designed to withstand
only the wind loads and weather conditions encountered in temperate zones.
Wind conditions in the Arctic were known to impose greater loads upon an
antenna system and upon its pedestal than those for which the structure
was designed. Therefore, it was decided to utl.lire radomes for environ-
mental protection. Up until this time, the larg-3 radomes had been used
only as expedient alternative to modification ad'• strengthening of existing
radar antenna structures. With the advent of arctic usage, the intrinsic
merits of the light weight radome soon became obvious; i.e., envlitnmental
protection, reduction in power required to rotate large artenn'-A iyatems in
high winds,and reduction in size and weight of structural .''x * •t the
cost of a small degradation in system performance due to v', " ; ',e of
the radome.

Modern scientific and technological developments mg& la military
equipment and in support of a mobile army have resulted in , need for
advanced tentage structures. The need for new tentage varies from highly
specialized items for the missile program to large maintenance tents for
ground vehicles and aircraft.

The use of air-supported tents, other than radome, represents one
approach taken by the Army to provide shelters of reduced weight, cost,
and cubage which can be easily transported, erected and struck for more
mobile army operations. With the development of these air-supported



shelters, the technology of tent making is developing, etep by step, from
Z Crft L h f mulau~luui. engineering.

Cornell Aeronautical Laboratories and Massachusetts Institute of
Technology have performed several scale tests on radome and missile shelter
models, Cornell has produced a Radome Design Manual for spherical radomes
based on these tests. Design and fabrication of other than spherical tents
has been accomplished largely by extrapolation of the design data contained
in the Radome Design Manual ai-d the individual desigrer's personal "feel" for
the problem. A wind tunnel program was initiated Lo investigate a wide
variety of models, both spherical and cylindrical, single-and double-wall.
The data obtained from these tests have been reduced and put in parametric
form to facilitate future tent design.

GENERAL CHARACTERISTICS

Air-supported structures present the modern mobile army with many
advantages over rigid structures. Some of the more important advantages
are listed below:

R F Transmissibility - The air-supported structure, as used to house radar
antenna, due to its thin-walled construction, very nearly approaches the
ideal shelter, i.e. a thin-walled homogeneous sphere. For this reason the
same radome can be used for several systems of different frequencies.

Lightweight. Low Bulk and Cubage - The inherent characteristics of an air-
supported structure provides a high structural efficiency, which results in
very low package weight. Use of thin flexible material for the envelope
permits the entire unit to be folded into a small package which facilitates
shipment and storage.

Ease of Handling and Logistic Support - Due to its low weight and compact-
ness, the air-supported structure is one of the most portable of all
presently available shelters. The durability of the material used for the
envelope minimized logistic requirements and maintenance. Standardization
of the basic tent sizes reduces the inventory requirement and makes the
kir-supported structure adaptable to nearly all shelter requirements.

*i



SECTION 3

WIND TUNNEL TESTS AND ANALYSIS

TEST FACILUTY

A series of wind tunnel tests was conducted in the Virginia Poly-
technic Institute's 6-foot by 6-foot Wind Tunnel (Figure 1) under the
direction of the Hayes International Corporation. The VPI tunnel was de-
signed and originally constructed at the Langley Aeronautical Laboratory of
the National Aeronautics and Space Administration. The facility is class-
ified as 4 continuous, ulosed jet, single return, subsonic wind tunnel

with interchangeable round and square test sections. The tunnel is powered
by a 600-hp d. c. motor driving a 14-foot propeller. Due to the presence
of seven stainless steel turbulence screens in the settling chamber, the
tunnel is capable of operating at a turbulence factor as low as 1.08.
Effects of turbulence in the air flow are seen as an increase in test
Reynolds number as compared to a similar test in free air.

The tunnel is equipped with a six-component, automatic null-
balancing, mechanical system for measuring forces and moments associated
with models mounted through the floor or sidewall of the tunnel, during
static model tests. The output from this balance is fed into a readout
printing system which allows the operator to read the six outputs as printed
tabulation.

TEST ARTICLES

Model Configurations

A series of air-inflatable, single-and double-wall tents of various
shapes were tested. The fabric used in the construction of the models was
the lighest fabric available and corresponded to approximately 1/10 exist-
ing full scale values, while model scales varied from approximately 1/20th
to 1/40th full size.

Internal pressure was maintained within the models for support. A
remote air supply, regulated in the tunnel control room, was used to provide
these pressures within the cells and enclosure as shown in Figure 2. The
enclosure pressure, P., for single-wall models was varied from 4/5 q to
5/4 q. Cell pressure, P., for the double-wall models was varied 5" to 30"
H 2 0. Free stream total and static pressures were measured and referenced

to cell and enclosure pressures as shown in Figure 3. Enclosure pressure
for double-wall models was maintained at free stream static values.

Single-wall models tested ranged in shape from spherical to
cy indrical with spherical or elliptical ends, and width-to-lenmgh ratios of
1:1, 1:2 and 1:4. The height-to-diameter ratios varied from 3/8 to 7/8.
Envelope material varied in porosity from 0 to 15 cu. ft./min. /ft. 2 as
shown on Table 1.
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n•1-v 1 UIwMLnt were ail cylindrically shaped. Height-to-
diameter ratios varied from 3/8 to 3/4 for the cylindrical models and width-
to-length ratios varied from 1:1 to 1:4. All dt.,ble-wal1 modal; were cou-
structed of non-porous material.

Tables I and II summarize all model configuration variables. Photo-
graph& of typical models are shown in Figures 4 through 9. A clearer illus-
tration of the curtain arrangement is shown as Figure 10.

Model Parameters

In the design of wind tunnel test models it is of paramount im-
portance to insure that all principal non-dimensional parameters are scaled
relative to one another in the model as they are found in the full-scale
tents. Wind tunnel models are also generally made to as large a scale as
the test section of the tunnel will allow without inducing adverse tunnel
blockage. In selecting the model designs for this program it was agreed
that since the size of the full-scale tent is variable, each model con-
figuration should be designed to the tunnel blockage factor and made as
large as possible without regard to scale. To accomplish this prior to
the design of the ground plane, an arbitrary figure of one square foot was
assumed for the projected frontal area of the ground plane. Assuming a
tunnel blockage factor of 10 percent, as recommended by Virginia Poly-
technic Institute, and knowing the assumed ground plane frontal area, each
model was designed to have maximum projected frontal area of 374 square
inrthes.

The geometry of all existing proposed full-scale tents being un-
known, the models were designed allowing engineering judgement and ex-
perience to relax the requirements for some parameters known or felt to
be unimportant and provide a wide variety of tent shapes of interest to
the Army for present and future application.

The design of a flexible model for wind tunnel testing is consider-
ably more complicated than a normal rigid model, whose shape essentially
does not change. To obtain aerodynamic and dynamic similarity the ftllowing
parameters had to be kept the same for scale as for the full-size models.

Geometric Shape - For no wind conditions ,.
Inflation Parameter- Ratio of inflation pressure to free system

dynamic pressure
Reynold's Number - Ratio of inertia forces to viscous forces
Mach Number - Ratio of inertia forces to elastic forces
Froude Number - Ratio of inertia forces to gravity forces
Aeroelastic Parameter - Ratio of model diameter, fabric elongation

and dynamic pressure to fabric stress
Dynamic Parameter - Ratio of model mass to air density and model

diameter cubed

5I.
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A model under conditions such that it has the same Reynolds and
Mach numbers as its full scale counterpart will havu - ---
on it that can be directly scaled and flow patterns that are exactlythe same. If the body in question is reacting to gravity, the model should
... maintained at th. same Frouids u•,ber as its fuli-scale counterpart.

The inflation parameter is of importance because it governs tent
stability. This parameter was investigated, wherever possible, to determine
the limits of tent stability. The dynamic parameter was allowed to vary
with model sizing as the fabric used was the lightest fabric available of
sufficient strength to construct the models and the model size was dictated
by the maximum allowable for the test section used. Based on the limited
observations of the effects of this parameter during these tests, it is
recommended that the inflation parameter be maintained at a minimum of 6xity.

The aeroelastic parameter is important in matching the model do-
flections with those of the full-scale tents. Based on the fabric stress
data computed from the pressure distributions, this parameter can be com-
pared. However, no attempt was made to do so because of the overriding

F, considerations of fabric weight and model sizing as cited above. However,
since the bending stiffness of the model fabric is negligible, deflections
noted in the models are considered similar to those of full-scale tents.

The Mach number parameter was irrelevant because of the low velo-
cities used for this test series. Based on past experience, below a Mach
number of 0.25, the elastic forces of air are at a minimum and can be
neglected.

Therefore, the similarity parameters considered to be of major im-
portance were the inflation parameter and Reynolds number.

The values selected for the inflation parameter were 4/5 q, 1.0 q
and 5/4 q. In some cases, an estimate was made as to the value of P /q
that was required to stabilize the tent. It was found that this determin-
ation was an individual estimate and therefore only the more severe cases
of tent inatability were evaluated. The single-wall non-porous tents were
tested at all three values of the inflation parameter. The single-wall,
porous terte were, in general, tested only at a value of 1.0 q. The
double-wall tents were tested at values of P equal to 3q, 4q, and 5q.

c
The Reynolds number parameter determines the flow pattern as it is

* influenced by viscous effects. As major variation in flow usually occurs
below certain critical values of this parameter, it was desirable to test
the scale models above this critical value in order to provide more accurate
extrapolation of test data to full scale. At the lower test velocity of
35 mph, several models fall below this critical value of Reynolds number,
hence the test date does not lend itself to extrapolation as readily as the
data obtained from the other models. These conditions were adjusted to
bring model Reynolds number above the critical value and thereby enable the
data from all models to be scaled to full-size tents. The Reynold's number
for these tents was based on the model diameter. Based on that reference

6
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length, past experience and aerodynamic theory predict the critical value
u! ReynulUd nuz.maer LO be lueween 4. fnn.O S. .A 1rThe urit.iu.l Rynf•ai.
number establishes the lower values of test conditions in that major varia-
tions of flow occur below the test conditions specified by the critical
Reynold's number. Test data below the critical Reynold's number have little
or no potential for extrapolation to full scale tents and therefore were
eliminated from consideration in the design curves.

The model fabric chosen was the lightest gage possible considering
fabric flexibility requirements and fabrication. The fabric chosen may be
scaled to full-size and is representative of those tents in service today.
Fabric porosity was also varied in the construction of the tents to provide
data of the influence of porosity on aerodynamic flow characteristics over
the tent.

MODEL INSTALLATION

It was determined that more reliable data would be obtained by
sting mounting the tent models on a ground plane and turntable arrangement
suspended between the walls of the tunnel rather than by mounting them
directly on the flocr of the tunnel.

The optimum size of the ground plane for this particular tunnel is
three times that of the longest model to be tested. The dimensions of the
ground plane are, therefore, 72 inches wide by 195 inches long. The models,
turntable etc., are mounted in the canter of the ground plane within a 70
inch diameter circle. The boundary layer bleed flap was sized and located
on the basis of the calculated boundary layer along the ground plane.

In order to better simulate the full scale tents, provision was made
to enable the test conductor to exercise a limited amount of control,
through adjustment of a bleed flap, over the boundary layer thickness in
front of the model. To determine the desired setting for the bleed flap
that best simulated actual conditions over the ground, a bomidary layer
survey was made. This sur-ey investige.ted dynamic pressures at heights
varying from the ground plane surface to approximately two Inches above the
surface for varying bleed flap settings. These dynamic pressures were
plotted versus the height above the surface. The height at which the
dynamic pressure recovers to 90 percent of the free stream is defined to
be the upper limit of the boundary layer. The results of this survey are
presented in Figure 11. The curve corresponding to slot openings of 1.0"
and 1.5" was chosen for subsequent use as it was felt that this produced
a flow profile which more closely approximated actual free air conditions.
Therefore, the data from these tests are restricted to ground-mounted
structures only.

The bases of the models were attached to the ground plane by means
of cantilevered anchor springs fabricated from 17-4 PH steel heat treated
to the TH1050 condition. Figure 12 shows typical strain gage installations
at the anchor point and guy line positions. These anchors were spaced about
the periphery of each model as shown in Figures 13 and 14. Double-wall

7
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models were secured by guy lines in addition to the anchor springs. Also,
one double-wall model was tested with wind aprons installed instead of
guy lines.

F The wind tunnel installation effects on aerodynamic loads were
measured on t.e .m-ller tents by removing the tent and mounting base, cover-

ing the turn table and eaasuring the loads as the tunnel spe. A was varied

F through the test range. On the later models a dummy tent was constructed

of plywood and fiberboard and suspended above the model baie. Both methods
were used at all test yaw angles and gave equally reliable results, These
data were used to correct measured total forces and moments to tent alone
measured data.

DATA RECORDING

Aerodynamic Forces and Moments

The tent model aerodynamic forces and moments were recorded in
pounds and foot/pounds respectively in the wind axis system. The wind axis
system has three orthogonal axes, one oriented in the direction of the wind
with drag positive in the downstream direction, another oriented in the
vertical direction with lift positive in the upward dirp,.'.on, and a third
oriented in the lateral direction normal to the former .. o with side force
positive to the right when looking upstream. These axes are fixed in the
wind tunnel and do not vary with yaw angle. Wind tunnel balance data sign
convention is presented in Figures 15 and 16.

Pressure Data

Pressure instrumentation was used to sense model test conditions,
tent inflation, and tent pressure distribution. Ground plane pressure taps,
boundary layer pressure measuring devices (rakes), tunnel wall static pres-
sure taps and a pitot-static tube were used to establish tunnel stream flow
conditions ahead of and around the ten). models during model tests.

All models were instrumented with controllable inflation pressure
provisions to provide enclosure and/or cell inflation pressure. Separate
pressure lines were installed in the tents to sense tent enclosure and cell
pressureso

Model surface pressure distribution was measured at selected points
on the tent surface by installing small, flexible tubing within the model
from many surface taps and routrig them externally to manometer display

j boards. Due to the large number of pressure measurements made at each test
condition and the requirement for instantaneous reading, the manometer tubes
with test run information affixed thereto were photographed for each test
condition for subsequent data reduction. Typical pressure tap locations are
presented in Figures 17,18 and 19.

. - .8
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Tent Deflections

Tent deflection due to wind load was measured through use of fixed-
position, still cameras located external to the test section. One camera i
provided instantAneous tent clavation ftll, the other plan view film. Film
negatives of no-wind and test-wind conditions having the same enclosure
(and cell) pressures were superimposed to provide accurate deflection measure-
ment. Data were measured using a background grid and recorded to maximuz,
deflection points at the front, top and rear of each tent using the symbols
and sign conventions of Figure 20.

Tent Vibrations

In order to investigate horizontal vibratory motion of double-wall
tents, very small, "Grain of Wheat" lamps were installed on the top center-
line of four tents. Tent vibration and amplitude were recorded on movie
film by photographing light traces made by the illuminated lamps operating
in a dark field. A 70-mm streak-mode camera mounted above and external to
the wind tunnel test section was used to photograph the motion. A timing
light, actuated by a strobolux, provided a time reference on the film.

DATA PROCESSING

Processing the various type data from the uncorrected, as recorded,
to the final corrected data stage required numerous hand and automatic com-
putation steps. The major correction factors applied to the wind tunnel
data along with the data reduction procedures are presented in this section.

DATA CORRECTIONS

Mechanical Balance

The results of the overall calibration of the wind tunnel installa-
tion at VPI indicated that there were several manufacturing and installation
errors present in the mechanical linkage of the balance system. These
errors were evaluated as interaction corrections and were applied to the
various balance readings to give the true aerodynamic force and moment values.

Factor x Balance Readings - True Readings

1.000 Lift Reading Lift
0.996 Drag Reading Drag

0.996 S. F. Reading + 0.004 Drag Reading - Side Force
0.958 R. M. Reading + 0.015 Lift Reading - Rolling Moment

+ 0.054 S. F. Reading
0.953 P. M. Reading - 0.010 Lift Reading . Pitching Moment

+ 0.028 Drag Reading - 0.019 R. M. Reading

0.939 Y. M. Reading - 0.018 (Drag Reading.- - Yawing Moment
S. F. Reading)

9

ad



These equations are presented in order to show that for the test
runs where one or more of the balance units were inoperative, the other
1 ad, w~C~tg LAuL appreciabiy afiected.

Horizontal Buoyancy

The models tested were scaled only to the extent that the largest
model permissible in the test section for each configuration considered was
used.

The conditions imposed on the tent models tested in a wind tunnel
are not the same as those found on full-scale tents in free air. This test
program had the models mounted to a fixed ground plane with the air moving
past the model. The longitudinal static pressure gradient usually present
in the test section produced extraneous forces that were corrected.

Nearly all wind tunnels with closed test sections have a static
pressure variation along the axis of the test section due to the thickening

* of the boundary layer as it progresses toward the exit cone. This pressure
gradient is usually negative and hence there is a tendency for the model to
be "drawn" downstream. This tendency of the model to be "drawn" downstream
is known as "horizontal buoyancy" and is usually insignificant for wings
and other relatively thin objects but may be a significant value for more
blunt objects. In this test program, several pressure taps were installed
along the tunnel walls adjacent to the model. For this special case, the
longitudinal pressure gradient was a straight line (Figure 21) and the
equation for this correctiont becomes:

DB - ESx (dp/dO) dR (I)

where S is the model cross-section area at station x, £ is the distance
from the model nose and dp/dX is the slope of the longitudinal static pres-
sure curve. Since the summation of the model area times the incremental
distances ES d£ is the body volume, thio equation reduces to:

DB- (dp/dX) (Body Volume) (2)

Figure 21 presents the longitudinal static pressure gradient for a repre-

sentative model tested in the VPI 6-foot by 6-foot tunnel. Taking the slope
of this curve and using the volume of a representative test model, it was
found that DB should be approximately 3.6 pounds for this model installation.

Blockage

The other correction required to be made to the test data is due to
the presence of a model in the test section which effectively reduces the

area through which the air must flow, and hence in accordance with
Bernoulli's law, increases the velocity of the air as it flows around the
model. This increase of velocity in the vidinity of the model affects the

10



dlyna=iz Praisure, Reynolds number, pitching moment coefficient, lift coef--

ficient and drag coefficient, A simple form of this blockaga correction is:

C SB ' K (model volume)
Sc 3/2

where K - 0.96 for a body of revolution and Sc is the wind tunnel section
area. Again using the same representative test model as was used for the
"horizontal buoyancy" correction, it was determined that a representative
value of eSB would be approximately 0.012.

The equations to be used for correction of the wall effects en-
countered in this program are summed below,, The data with subscript "u"
are uncorrected data based on free-stream dynamic pressure, wich the ex-
ception of drag which must have the buoyancy correction applied before
final correction due to "solid blockage".

U = U u (I + C SB) (4)

q o q u (i + 2e 9B) (5)

RN -RNU 0i. + F-1 ) (6)

CLU CLu (1 - a - 2eSB) (7)

C -c oC

C Mu (i - 2CSB) +_• (8)
4

CD a CDu (1 - 3cSB) (9)

where a I 2 d is a wode3 wake correction and "d" is the diameter of the
model used.

DATA REDUCTION

The data reductior program was divided into five categories: aero-
dynamic balance data, anchor load data, external pressure distribution, tent
deflection, and tent vibration. Data maiablA. to automatic data reduction
was transferred to a prepared computer load sheet for data reduction on the
IBM 360 model 30 computer located at Hayes International Corporation,
Birmingham, Alabama, The equations'used for this reduction are presented
In the following sections.

11 :.



Aerodynamic Coefficients

The aerodynam'c torce and anchor load data were reduced to dimen-
sionless coefficient form by dividing the force in pounds by the product of
dynamic pressure times the reference arPa, The aerodynamic momecnt data
were similarly reduced to coefficient form by dividing by the product of
dynamic pressure times the reference area times a reference length. These
coefficients are defined a3 follows:

Coefficient Equation

Lift CL - L/qAp (10)

Drag CD - D/qAp (11)

Sideforce Cy - Py/qAp (12)

Pitching Moment CM W M/qApd (13)

Rolling Moment CR - My/qApd (14)

Yawing Moment CN - Mm/qApd (15)

The aerodynamic loads and moments used for computing the above
coefficients are as follows:

Component Equation

Lift L Lr - Lp - L (16)

Drag D Dr - Dp - D (17)

Sideforce PP - Pp - P (18)
Y yr p y j

Pitching Moment M M Mr - - Mi (19)

Rolling Moment My- Myr - M - M (20)
yp yj

Yawing Moment K7 Mmr Mmp - Mmj (21)

12



where the subscripto are defined below. These subscripts are not repeated
elsewhere or in list of symbols.

Subscript "r" values are the total readings including contributions
due to plate loads and jet flow loads, subscript "p" values are the plate
loading contrib Ut.... only. UbaPCIvpt "j" vdlUes &L' Lhe reactions due to
the additional air flow into the tent enclosure during porous model tests.
These values are slopes calculated from the data points in lbs. (or foot/
lbs.) per in H 0.2

This program also computes the actual velocity from the tunnel
indicated velocity, corrected for pressure, temperature, and Reynolds
number as follows:

U Velocity (22)

RN PUd Reynolds Number (23)

Additional corrections were made to the data for the effects of the
wind tunnel boundary conditions. The boundary corrections required for
the special case of a model mounted on a ground plane were reduced to two.
These were solid blockage and horizontal b9oýancy. The equations used
are as follows:

U. - Uu (I + t:SB) (24)

qa, = (q + 2ESB) (25)

R R l~ (26)

C - C (1 - a - 2cB) (27)
L Lu. SB

C-c (1- 2c ) + C (28)
"M Mu SB

C C (i- 3E ) (29)

D Du SB

where

subscript "u" terms are the uncorrected data based on wind tunnel
upstream conditions.
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CsB (30)
(A-)3 /2

S A\ h /f31

where
K w constant 0.96 for bodies of revolution
V a tent enclosed volume
Ac - wind tunnel cross section area

d - diameter of model
h u height of wind tunnel test section

The drag coefficient, O. , based on free stream conditions includes
a correction for horiztontal buoyancy. This correction was made as follows:

D -D
C - (32)

quAp

where

D - net drag

D dp..L
B dt.

q u - free stream dynamic pressure

Ap - reference areu, maximum planform

k - slope of tunnel longitudinal static pressure curvedt

Model volume for single wail models was computed as follows:

h > d/2,
v d3.. 2 d3 + r (h•- d/2) + r (L•-2r)

V 8 3B 2 h
r2

2 2 (6 - sine) (9 - 2r) 03)

h < d/2,

S2 h d 2- h r 2 (d/2- h) +-2(- sine) ( 2rB)34)
3 2 33B 2 h B~ )
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where

h.- d/2

12' d÷+ (02z (1-24 (35)

where

r - tent radius

h - tent height, feet

d - diameter, feet

e - beam angle

z h length

The maximum planform area for single-•all models was computed as follows:

hemispherical ends,

A . r2 + 2r (Lh - 2 r) (36)

elliptical ends,

A - it ab (37)
P

where

a - elliptical-end semi-major axis length

b - elliptical-end semi-minor axis length

r a tent radius, feet

Xh w tent length, feet

A - planform area, square feet
p

In the equations for volume and the equations for planform area,
m~del radius and diameter divided by 2 were considered independent numbers
in order to make the equations apply to both apherical and cylindrical
models.
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The final correction made to the aerodynamic balance data was to
transform from wind axes to body axes for models uriented at yaw angles of
1 5 - I - Th ,eati.he4h. h4r ja t.ei4n ýne

4
a A"A hniAr -Vli -a , ra -nt-A "In

Figure 16 -For V, - 0 and 90, no correction was necessary.

The cquations transformcd to the body ..... are

Coefficient Equation

Lift C " C (38)
LB L (8

Drag CDB 0 CD cosB - C¥ sin ý (39)

Sideforce CYB C cos* - CD sin ' (40)

Pitching Moment C - C cosý - C sin ý (41)MB M R

Rolling Moment CRB - C cosi - C sin i (42)

Yawing Moment. C = C (43)
NB N (3

Pressure Coefficients

The static pressure distribution data were reduced to coefficient
form in like manner to the aerodynamic data using the following equation:

P -P
C - w (44)

where

C - pressure coefficient

P - Local static pressure at model surface

P - tunnel static pressure

q.- tunnel dynamic pressure

Pressure distribution over the model and the base mountifig plate
was measured at many points. The relative locations of these points varied
from model to model. Typical locations are presented in Figures 17 tkrough 19.

Anchor. Guy Line and Curtain Load Coefficients

Using measured anchor, guy line or curtain loads, load coefficients
were computed for each active gage used. The corrected loads were computed
by first calibrating each active gage with four known loads of 1 lb., 6 lb.,

16



11 lb., and 16 lb. The slope of the calibrathcen PtrvH obtan1cd Vas then
computed in lb./micro-inches per inch load and multiplied times the strain
recorded by that gage under consideration to obtain the applied load. The
load coefficients were then computed as follows:

C AL C GL CL (45 (a,b,c))

AL A' CGL qA CCL qA (qp qp p

where

AL - anchor load, lbs.

GL a guyline load, lbs.

CL - curtain load, lbs.

q - dynamic pressure, ibs./ft.2

A - planform area, ft. 2

p

The computed loads were summed for each test condition and printed as total
aerodynamic and inflation load. These loads were then corrected for in-
flation loads and printed out as aerodynamic loads. The aerodynamic loads
shown include a correction for the fact that not all anchors were "active"
or measured strain. This correction was a multiplication factor composed
of a ratio of total to active anchor points employed.

The inflation loads used were computed by recording the strain for
each gage corresponding to tent inflation pressures of 2 in., 4 in., and
6 in. of water for the single-wall tents and tent cell pressures of 5 in.,
6 in., and 30 in. for double-wall tents. Gage readings were converted to
anchor loads by multiplying recorded strain values by the slope of the
calibration curve for each gage. These individual loads were then summed
to give total inflation loads for all test conditions. Figures 13 and 14
present the planform lay-out of the gage locations for two typical models.

Tent Deflections

Using the measured data extracted from superimposed cut-film
negatives of the no wind and test condition, corrections were applied to
correct for camera position relative to the tent and grid locations. Max-
imum tent deflection data were then computed and plotted as a ratio of
tent deflection to tent radius, 6/r, versus the ratio of tent height to
diameter, h/d, for all models tested. These data are usable in determin-
ing maximum usable cubage inside the tent structure.

Tent Vibration

Tent vibration data were recorded for two double-wall tent
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configurations. Each configuration was investigated for two different cell
sizes. Tent frequency and amplitude were photographically recorded by a
70-mm streak mode camera mounted above and external of the wind tunnel test
bsuLut,. The film records were enlarged and manually read to obtain tent
frequency and amplitude of oscillation. A timing light actuated by a I
strobolux provided a time reference on the 70-mm film. Dar-n; no presented,
shows double amplitude (peak to peak) values versus cell pressure for hori-
zontal motion in a direction perpendicular to the long axis of the tent.
Motion along the long axis of the tent (end to end) was intermittent and
small compared with the fore and aft movement.

Data Presentation

Upon completion of the wind tunnel data reduction, results were
prepared in tabular and graphical form for both single and double-wall
tents. A discussion of the data as presented herein follows:

Tent Lift

From the lift coefficient data for single wall spheres, it can be
seen in Figure 22 that CL increases almost linearly with the ratio of height-
to-diameter for single-wall spheres. Increased fabric porosity resulted in
increased CL for this shape.

Cylindrical single-wall tents exhibit a minimum lift coefficient
at a height-to-diameter ratio of 0.5, as shown in Figures 23 and 24 . Also,
for a W/Lh of 1:2, the CL at h/d . 0.5 for a non-porous tent is more moder-
ate than for a W/£h - 1:4. The reverse is true when h/d > 0.5.

Figure 25 shows the effect of using elliptical ends instead of
hemispherical ends on single-wall tents. Due to a more efficient aero-
dynamic shape, the lift coefficient is increased considerably.

Double-wall, cylindrical shapes also show an increase in lift
coefficient as h/d and W/th increases, as can be seen from Figure 26 . A
width-to-length ratio of 1:4 results in a much higher CL than that of W/th
- 1:1 or 1:2.

Figure 26 illustrates the effect of guy lines on tent lift coeffi-
cient. Benefits of guy lines become more pronounced with increased tent
h/d.

Figure 27 presents a comparison of lift coefficient data for a non-
porous double-wall tent (1:2 WIZ , 1/2 h/d) equipped with guy lines, cur-
tains (in lieu of guy lines), and with base anchors only. The lift coeffi-
cient (based on basic tent Ap) for the curtain equipped tent is seen to
double for the tent with side and end curtains and triple for the side-
curtain equipped tent. The additional lift coefficient is due primarily to
the increased surface area; however, the end curtain design could not be,
maintained taut and spoiled some of the additional lift generated.
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Tent Drag

with increasing h/d as presented in Figure 28. Slight fabric porosity
reduces C D, whereas further increase in porosity increases CD back to non-
porous values.

Single-wall cylindrical shapes of 1:2 width-to-length ratios
(Figure 29 ) indicate an increase in C with increasing h/d, but have CD
values lower than shapes of W/ih - 1:4 ý?Figure 30). Increasing fabric
porosity increases the CD for cylindrical shapes.

The effects of tent end shape and direction of prevailing wind on
the drag coefficient of single-wall cylinders of 1:2 W/th are seen in
Figures 31 and 32. A quartering wind generally produces the highest drag
coefficient. Elliptical end tent design creates a small increase in drag
coefficient when compared with the standard hemispherical end tents. This
design feature was investigated to eliminate non-usable end space and
reduce weight while maintaining acceptable loading characteristics during
high winds.

Double-wall shapes, as shown in Figure 33, with an h/d less than
0.5 exhibited lower drag coefficients than did the single-wall shapes.
However, an increase in h/d above 0.7 resulted in higher CD's for the
double-wall shapes. Use of guy lines provides some reduction in drag
coefficient. Variation in width to length ratio caused a moderate increase
in CD with an increase in W/ih.

Figure 34 presents the drag coefficient increase due to use of
curtains instead of guy lines. A comparison of tent anchored, anchored and
guyed, and anchored with curtains is shown for double-wall tents of 1:2
W/ih.

In summary, it appears that spherical single-wall tents exhibit the
lowest drag coefficient with h/d. Use of elliptical ends or wind curtains
on tents cause an increase in drag coefficient. An increase in W/th or h/d
results in an increase in drag coefficient for cylindrical models.

Tent Pitching Moments

Moment coefficients for single wall spherical tents are quite low
at low h/d values, and increase to a fairly constant value at h/d 0.5.
Increasing porosity to 0-5 resulted in the lowest values of CM while a
further increase in porosity increased CM to near the non-porous values
(Figure 33.

Single-wall cylindrical shapes show an increase in CM with in-
creasing h/d values. Increasing W/th ratios raise CM values markedly.
Fabric porosity values of 0-5 and 10-15 reduce the CM considerably in W/th
ratios of 1:2 and cause a moderate decrease in Cm at W/£1 ratios of 1:4
(Figures 36 and 37 ). Figuie 38 presents a comparison o? non-porous single-
wall tent moment coefficient variation with W/.h and h/d.

19



Double-wall shapes have a moderate, linear increase in CM with
increasing h/d ratios (Figure 39). The moment coefficients decreased
slightly with a change in W/thiratio from 1:1 to 1:2, but showed a marked

w/Ah ratio or 1:4. Figure 40 shows the decrease in CM
brought about through the use of guy lines. Figure 41 shows the increasedCM produced when curtains replace guy linpae a tie downs.

Tent Anchor. Guy Line and Curtain Loads

Base anchor loads of a fabric shelter are the result of aerodynamic
forces acting on the tent external surface and the pressure within the
enclosure and/or cell. Data is presented as anchor load coefficient. Fig-
ure 42 illustrates the typical effect of wind direction on anchor load
coefficient and shows some independence of orientation. Figure 43 presents
a comparison of maximum anchor load coefficient for 1/2 cylindrical l:2
single-wall tents, wPth elliptical and hemispherical ends, considering all
wind orientations. Figure 44 presents the anchor load coefficient varia-
tion for a double-wall tent. Anchor load coefficient data variation with
"tent shapp is shown in Figures 45, 46 and 47.

Tent guy line coefficient is used to determine guy line loads and
guy line vertical anchor loads for double-wall tents. These data are pre-
sented in Figure 48 and represent maximum aerodynamic loading with inflation
pressure effects eliminated. Enclosure pressure is another variable which
influences guy line loads and must be considered jointly when determining
total guy line loading.

Figure 49 presents the effect of using curtains in lieu of guy
lines on double-wall tents. Data indicated no measurable change with side
curtains only but an astronomical load increase due to increased aerodynamic
efficiency and size when compared with a tent tied down with guy lines.

Tent Deflection

Maximum tent deflection data are shown as a ratio of tent deflec-
tion-to-tent radius, d/r, versus the ratio of tent height-to-tent diameter.
Deflection data is presented for areas at the front, top and rear of each
tent using the symbols and sign convention of Figure 20.

Figure 50 shows the effect of tent shape and fabric porosity on
tent deflection for single-wall spheres. Tent deflection Increases with
tent h/d and reduces with increased fabric porosity. Figures 51, 52, and 53
presents similar data for single-wall cylindrical tents of 1:2 and 1:4 W/Ih
respectively. Generally, tents with a h/d of approximately 0.5 have the
smallest deflections. Spherical single-wall tents have smaller overall
deflections than the cylindrical tents.

The effect of porous fabric on reducing tent deflection was in-
vestigated only'with single-wall tents. Non-porous fabric was used only in
the construction of the double-wall tents. The independent effects of cell
size, cell pressure and enclosure pressure on tent deflection for a 3/4

20

: -



cylindrical, double-wall tent of 1:1 W/k, were investigated to determine
ý&=LL CLLC~veness. I

Figure 54 shows the effect nf re11 size and pressure oL udfleLiuon
for a constant dynamic pressure of 6" w.g. for a 3/4 cylinder, 1:1 W/Ih
having guy lines attached at 0.8 tent height. Tent frontal deflection is
improved slightly with increased cell size and considerably with cell
pressure. Figure 55 shows the effect of additional guying (0.8 and 0.4 tent
height) on reducing tent deflection for tha same tent size. Figure 56 shows
the additional reduction in tent deflection produced by pressurizing the
enclosure volume as well as the tent cells.

Figure 57 presents data for double-wall tents tested in the
anchored only and in the anchored and best guy configurations. A more
comprehensive number of tent shapes and sizes of single-wall tents were
tested than for the double-wall case. Hence, it is felt that the double-
wall data is not as well established, so the curves appear as straight
lines connecting a minimum of data points. Additional double-wall tent
configurations are required to better define curve variation. Due to the
general concave curve shape for the single-wall tents; however, it is
believed that the double-wall data is conservative in the h/d range of 0.5
to 0.6, and possibly less conservative at higher h/d values.

Figure 58 presents a comparison of deflection data for the various
methods of tent restraint; i.e., base anchor only, base anchors and guy
lines, and base anchors and wind curtains. Data is presented for a double-
wall cylinder 1:2 W/IZ. The data indicates mandatory use of either guys
or curtains under winQ conditions. The anchor and guy line combination pro-
vides the best restraint combination.

Tent Stability

As part of the test program, tent stability was qualitatively in-
vestigated by defining instability as any set of conditions producing tent
deflection and vibration which, when coupled together, provided objection-
able tent motion. Degree of motion was determined visually during wind
tunnel tests. In addition, motion pictures were examined of prior wind
tunnel tests. For selected double-wall tents, 70-mm streak mode camera
dynamic test data was taken. The effects of changes of fabric porosity,
enclosure pressure, cell size and pressure, and guy line location were eval-
uated where applicable. The following general conclusions may be made rela-
tive to tent stability and vibration characteristics.

The single tent configurations, rith the exception of the
7/8 sphere and all 1:4 width-to-length ratio cylindrical tents, were
found to be very stable. For the cylindrical single-wall tents, motion
is more pronounced with a t.ind at 45 degrees attitude. Other spherical
and the 1:2 width-to-length ratio cylindrical configurations exhibited
very stable properties at all test conditions. The elliptical end tent
appeared to be more stable than the hemispherical end tents.
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The double-wall tents had flat ends which contributed to flow
separation and less stability than the single-wall tents with hemispherical
ends. The 3/4 cylindrical, 1:1 width-to-length tents were not 'true'
evlindrinal trnTta hut. rAt-ho-. hAA flints Mak whi1-h MAy hAaI One4v1rhuI,
to this configuration's exceptionally low stability.

To minimize double wall tent corner deflection and motion, which
occur primarily when the tent is oriented 45 degrees to the wind (corner
into the wind), guy lines should be attached to each corner of the tent at
a point 0.8 tent height to make an angle of approximately 45 degrees with
the ground. Corner and end deflections were more pronounced on the double-
wall tents and is believed to be aggravated by the flat ends of the double-
wall tents. The best guy line configuration consists of a combination
high (0.8 tent height) and low (0.4 tent height) line arrangement, with the
upper guy lines angled 45 degrees to the tent side and the lower guy lines
perpendicular to the tent side when viewed from the top of the tent. When
some deflection and vibration is acceptable, the tent shapes tested with-
stood hurricane force winds without the use of guy lines.

Cell pressure (enclosure pressure for single-wall tents) is an
important factor in controlling tent motion. Although permissible tent
deflection, as required by tent usage, could establish pressure reauire-
ments, tests indicated that only for cell pressures equal to,or in excess
of,the tent dynamic pressure did both good stability and deflection
characteristics exist. From a stability standpoint, at 110 miles per hour,
no significant gains were achieved beyond an inflation pressure of 16
inches water gage; since, insignificant deflection reductionu occurred for
cell pressures between 16 inches water gage and 30 inches water gage.

Tent cell size was also observed to be a factor in providing
better tent stability since an increase in cell size was more rigid for
the same cell inflation pressure. A prime consideration in increasing
cell size is that, for the same enclosure volume, the tent overall size
and weight increase rapidly.

Double-wall tent enclosure pressure should be maintained at
ambient or low positive pressure to preclude cell buckling. Test with
enclosure pressure less than ambient exhibited a critical buckling ten-
dency on the windward (forward) side of the tent.

Amplitude and frequency of double-wall tent motion were investi-
gated to provide base line data for future evaluation of fabric fatigue.
Figures 59 through 61 show natural frequency and deflection of the hori-
zontal tent motion in the direction perpendicular to the long axis of the
tent. Deflection data on these curves represent peak to peak amplitude,
superimposed on basic tent deflection values. Figure 59 shows tent dynamic
motion variation with cell pressure for two tent configurations with two
cell sizes, each without guy lines installed. Figure 60 presents similar
data with guy lines installed and Figure 61 presents a comparison plot for
a cell size of 0.082. Tent natural fiequencies as high as 59 cps were re-
corded and appear independent of guy line configuration for tents with
W/2h > 1:2. Amplitude of the vibration was greater for the unguyed tents.
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SECTION 4

STRUCTURAL DESIGN j
SINGLB-WALL TENTS

Introduction

The analytical determination of stress distribution in any membrane
under nonuniform pressure loading requires a satisfactory analytical repre-
sentation of the pressure distribution which can then be applied to a suit-
able shell theory. Expressions for wind loading on spherical, ellipsoidal,
and cyliidr4 cl surfaces were obtained which are considered to be reason-
able approximations, relative to the experimental pressure data, for the
purposes of this analysis.

In the past, the tent designer has had to use a crude stress analysis
and a large factor of safety to conveniently provide structure capable of
carrying 4 given wind load. However, the need tj optimize tent structures
has created the desire for a more refined analysis of stresses. Although
the present analyass is approximate, it is a significant step in refining
the structural analysis of 6dr-supported tents.

Application of the Membrane Theory of Shells to Inflated Tents

Although this analysis uses the membrane theory of shells to
determine-internal loads in the fabric structure of inflated tents under
wind load, theee are some c.ývioua errors in ita application. Whereas the
membrane theory of shells is predicated on a homogeneous, elastic material
having inherent shear resistance and an equilibrium condition which assumes
no distortion of the membrane, a sngle-ply fabric is inherently capable of
resisting only biaxial tension loads in the directions of the weave fibers.
However, in the case of an inflated fabric struccure, when tensile stresses
are present due to internal. pressure, axternal compressive loads may be
taken by a reduction in tencila stress. If tensile stress is relieved to
the point where thu material fibers try to go into compression, the fabric
in this area will develop wrinUles normal to the direction of zero stress.

Although typical past design criteria have required the inflation
pressure to be maintained at a Gvfficimntly high level to keep the fabric
in tension in all areas in order to prevent such wrinkles, such a require-
ment may be unnecessarily oevere. The relief of tensile stress in one
principal direction of the fabric weave, due to external compressive load,
may cause some increase An tensile stress in the other weave direction from
load redistribution; bu. this increased stress will be ao greater, and
probably considerably leass, than the addittonal stress induced by increas-
ing the inflation pressure to eliminate wrinkles. It is further noted that
local buckling of this type may be readily tolerated, especially under
extreme operating conditions, since the defleetions can not constitute fail-
ure and would be expected to bring about reduction in peak stress values.
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To accommodate shear load as a component of diagonal tension without
the excessive distortion caused by reorientation of the weave fibers, the
usual prsctice in tentagc design is to select a fabric of two-ply construc-
V WIL LhL bias ply oriented at an angie of 45 degrees with respect to

the other ply. Although this appreciably reduces the distortion, the
fabric does not follow the linear membrane theory. A non1npnAr theory has
been initiated, but much work remains to be done to make it a practical
analysis technique. Despite the inadequacies of the linear membrane theory
Iii its application to inflated fabric structures, it is the best analysis
technique presently available.

Pressure Distribution

The fabric loads analysis which follows was based on measured ex-
ternal pressure distributions obtained during the wind tunnel test series.
The method of measurement chosen was to section the tent off by rows and
columns. At the intersection of each row and column, a lightweight tube
was attached to the fabric on the inside of the envelope. A small orifice
was then drilled through the fabric and into the tube thereby forming a
surface static pressure tap. The number of pressure taps per tent model
wag determined primarily by the model size with some consideration being
given to areas of constant pressure distribution. The locations of the
pressure taps for two models are presented in Figures 17 and 18.

1he method of measurement of the test pressures and the details of
data reduction are discussed in SECTION 3. These tests indicate somewhat
different pressure distributions than those around tower mounted radomes
due to the presence uf the ground plane. The boundary layer associated
with the ground plane iv discussed in SECTION 3; however, it is noted that
the boundary layer thickness was adjustable and was set at values deemed
reasonable for ground-mounted structures. A discussion of model simi±arity
and data extrapolations is also discussed in SECTION 3.

Past work on spherical radomes has approximated wind load distri-
bution with a three-term trigonometric series, assuming symmetry about the
wind axis. Comparison with higher degree series utilizing wind tunnel data
shows that a considerably better approximation can be obtained with an eight
term expansion.

Spherical Tents

To express the pressure distribution analytically, It is necessary
to determine the angles 0 and 8. See Figure 62(a). They were determined
from the models as follows.

SSý/r

S- S2/r [(46)
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where S, is the arc length from vertical axis of rotation to angle * in a
meridio~al plane containing vertical axis of rotarInn, &,. M 4- .U"of columns around the spherical model, Columns are the grid linas in the
meridional direction.

sin 1B -7 (d-2h)-/r)'

(47)
cos OB - (d-2h)/d

For the purpose of spherical shell membrane analysis, the wind load can beexpressed as a trigonometric series in the angles 0 and 8 (assuming symmetry
about the plane a - 0, T)

N NPext/q - Z An ain 1 cos n -a Pn (0) cos nO (48)
0 0

where Pext is the pressure on shell surface minus free-stream staticpressure and q is the dynamic pressure. Through a computerized curve-fitprogram, using the principle of least squares, it was determined that N - 7yields best results with regard to accuracy of fit and time expended. The
computer program uses polynominal curves of the form

N
Pext/q E A XU (49)

0

Setting Xn - sinn 0 cosn 0, N - 7,

X- 1

X , sin 0 cos 6

X2 " sin2  (1 + cos 20)

X3 ¼ sin3 • (3 cos 0 + com 3 6) >(50)
X4- 1/8 sin4 * (3 +4 cos 2 6 + coo 4 6)

X5 -1/16 smn 5 * (10 coa e + 5 cos 3 8 + cos 5 0)

X6 1/32 sin6 4 (10 + 15 cos 2€+ 6 cos 4 e + cos 6 e)

X7 1/64 sin7  (35 com 6 + 21 co. 3 0 + 7 cos 5 0 + cos 7 0)

Collecting like terms of cos n 0,

P0 a A0 + 1/2 A2 sin2 4 + 3/8 A4 sin4 + 5/166A sin6  }
P, . A sin + 3/4 A iin 3  + 5/8 A sin' + 35/64 A sin7 4
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p - 1/2 A sin2 *+ 1/2 A 4sin4  + 15/32 A sin6  1
p 1/4 A sin3 *+ 5/16 A sin' 0 + 21/64 A sin7  j

3 3 5 7

p - 1/8 A sin4 *+ 3/16 A sin6 0
4 6

(5])
p - 1/16 A sin5 • + 7/64 A sin7 •

p- 1/32 A sin6

6 6

p 7 - 1/64 A sin7'

A typical pressure distribution is shbwn in Figure 63.

Cylindrical Portion of Cylindrical Tents

The broadside wind load is considered to be the most critical for
the cylindrical portion of a tent. There is assumed to be no variation in
the wind load to x (the distance along the axis of the cylinder) so that
the pressure coefficient expression takes the form (see Figure 64)

N
Pext/q - Z An sinn € (52)

0

As was done for the spherical shell distribution, the assumed curve is
fitted to the wind tunnel data through a least squares analysis.

Spherical Ends of Cylindrical Tents

To express the pressure distribution on the spherical ends of the
cylindrical models, it was necessary first to determine the angles a and a
and then convert to 0, e coordinates. See Figure 62(b). The angles a and
were found from the mnodels as follows.

a- Sl/r

S - S/r }(53)
where S is the arc length from stagnation axis for yaw angle equals 900
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to angle a in a meridional plane containing stagnation axis, and S is the
S...... .. . . .. ..... ....... .. 4 h n a n rmal to

the stagnation axis and containing vertical axis.

The conversion from a, a to ý, 0 coordinates takes the following

form. See Figure 62(c) ,Note that 4 and e are positive counter-clockwise
from wind direction.

co-o = sin 0 cos ( j - 4 + e) (54(a))

sin a sin 1 - sin 4 sin ( 7 - + 6) (54(b))

cos 2 (-l- + e) = i - sn 2 ( - p + e) - cos 2c/sin2  * (54(c))
2 2(5()

sin 2 ( • - • + 6) - sin2 a sin2 8/sin2 4 (54(d))

Adding Equations 54(c) and 54(d) gives

Qos 2 a + sin2 01 sin2  
(

sin
2  

( 
a

sin 24 1 - cos 2 * - cos 2 a + sin2 Oi sin2 8 (55(b))

cos 2 * - 1 - Cos2 a - sin2 a sin2 1 - sin2 a (1 sin2 1 ) (55(c))

cos )- sin a cos 1 (55(d))

4 =cos ( sin a cos a3) (55(e))

Equation 54(c) by identity is

cos 2 ( _ - * + e) - cos 2 C/(j - cos 2 4) (56)

By substitution of Equation 55(d) Cos 2 (

co0 2  ( + (57)
2 - sin2 L Cos 2
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Cos ( -*+ e) COS
S'-l-sin2 ico Cos "

L? - mincacos 2 "

Now the pressure data can be expressed in terms of 0 and 8, and the

solution obtained as it was for the spherical models.

Ellippoidal Ends of Cylindrical Tents

It was decided to analyze the ellipeoidal ends by affine transform-
ation to a fictitious spherical shell. To facilitate analysis after the
transformation, it was desirable to obtain the wind load on the sphere in
the form previously given for the spherical tents, i.e.,

N N
Pext -q An sin n $* cosne*M q n p W) cos n (58)

0 0 n

Here, the asterisk superscript denotes the fictitious spherical coordinates
(See Reference 10 , pp. lM-M). To determine the required function for
the wind load acting normal to the ellipsoidal shell, then, the following
development was made. Pertinent coordinates systems are shown in Figure 65.

tan e* - y/x* ,, (y/ X2) (X/ X1 (X 1/ X2 ) (y/X) X IA/ 2) tan a

a n- / 2) tXn l cos- (1/ 1-+4 ( / •')z tan2  8)

1/ 2) ta Co

(59)
cos a* - 1/ "1+ X ,I/ 2) tan2 8o- Cos / X sin2 e + X 2

1 2 2 1 2

sin O*/sin € (dz Ida,*)/(dz /d$ de dad
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II

From Reference 10, p. 202,

.i ,/un -, (60(a)) 1I
sin €*/sin € my (X 2 cor 2 0* + X 2 sin 2  * )COS 2 . + xin 2  W

1 2

sin2 */ginz • - (X 2 cos2 0* + X 2 s±n2 2 ) (s - sin2 *) + sin2 4 (60(b))1 2

(A 2 co02 e* + X 2 sin 2 9*)Bin2 4)
2 • 1 2siI - sin2 € + (x 2 Cog 2 O" + A 2 sin2 0*) sin 2 (60(c))

1 2

(A 2+A 2 tan 2 0*) coso2 e sin2 4)
COS 2 0 + (A 2 + X 2 tan2 e*) COS 2 e sin 2  (60(d))

1 2

A 2 (1 + tan2 6)'X 2 cos 2 a sin2  ( e
sX 2, 1 2

sin4 x 2 2(60(e))
(A 2 Ssn29 + X 2 cos 2 o ) + A + t A 2X 2  sin2 4)

1 2 1 2

X A 2 sin 2  0
* 12

in ..... (60(f))

2 ( 2 sin 2  9 + A 2 co 2 9) cos 2 4) + A 2AA 2sin +2 X
1 2 a 2

2 A sin94* 1 2
- (A 2 sin2 e + A 2 cog2 O) cos 2 4) + A 2 A 2 sin2 4) (60(g))

1 2 1 2

A • 2  sin € cos 9

sln¢ csO =A 2A 2sin24(A 2 sjn2 e + A 2 c0, 2 e) + cos 24)(A 2s±1n29 + A 2cos 2 %)2(6()

1 2 1 2 1 2
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Hence the function that was used to fit the experimental pressure distri-
butions by the method of least squares is

N
Pext q E A n X (61)

0

where

X X 2 sin o cos 0
Xn 1 2

V In 2X 2 sin2o(X 2 n28 + X 2 cos2e) + cos 2 o(X 2 sin2 o + X 2 cos 2 e) 2  (62)
1 2 1 2 1 2

This pressure is normal to the ellipsoidal surface at all points, and is
positive when directed toward the center of curvature. Figures 66 and
67 illustrate the experimental loads and polynomial representations.

Stress Analysis

The analysis of stress resultants as presented here is not entirely
original. The governing system of differential equations and their general
solutions can be found in many teXts on the theory of shells. They are
reviewed here, in anticipation that not every designer has his literature
readily available, nor is proficient in the mathematics involved.

Spherical Tents and Spherical Ends of Cylindrical Tents

The equations of equilibrium for a spherical shell element with a
distributed radial load are (see Figure 68):

Ssin 4) + . (N) -- N cos - 0 (63(a))

. (Noe sin o) + . (Ne) + N cos o 0 (63(b))
ao3e 6 P

N e +N -P r (63(c))
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From Equation 63(c),

N, NN - P r 64)
W' ext

Substicuting Equation 64 into Equations 63(a) and 63(b• N@ is eliminated,
yielding

-- (N sin) +--- (N + (No + Pext r) coo 0 (65(a))

S(N S ) 4- (-N P Pextr) + N COs 0 (65(b))

For a wind load, which is symmetric with respect to the plane e - 00,

a - 1800, the general solution of Equations 65(a) and 65(b) may be repre-
sented by

N
N- r q r (S ) cos n e (66(a))

N
Ný@ r q E S (q) sinnO (66(b))1 ( bn

Substituting the n-th general term from Equations 66(a) , 66(b) , and 48
into the Differential Equations 65(a) and 65(b) , and simplifying,

d
d ( n) sin • + 2 S ýn cos * + n S p O P n+ C 0 (67(b))
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d
" (Son) sin 0 + 2 Se con ÷ n + a S n + n p. 0 (67(b)) I

Adding Equations 67(s) and 67(b),

d (s + s )+ (2 coso +n) (S +s )/ -,int
on on on ,en

(68)
-- (coso + n) p/ sin

Subtracting Equation 67(b) from Equation 67(a) y!ields

d (S S + (2 cos - n) (S S )/sin

do on *en *n en
(69)

- - (cosO -n) p / sin *

Substituting

U -S +S
I n *n eOn

(70)

2 n On OnU

into Equationas 6_awid 69 results in two ordinary linear differential
equations of first order.

-do (U! .) + (2 coG S + A) U./min * - (coo 6 + n)p /sin 6 (71(a))
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d
d +( CO, 2n . - (71,° - (b) I

From ordinary differential equations, the general solution ofEquation 71 (a) is

d,,

Bin 4n do + fIn

where Cln is the n-th general constant of integration, Performing the indi-

cated operations in Equation 72

V --I(I + cos ¢)n (iln + Cl.n)/(sin *)n + 2
(73)

where

II n S n (cos * + n) (1 - cos 4> (sin x)1 , d • (74)

The general solution of Equation Fl(b) is

(2 c s n- ) .1 ,2 cos € -n.
sin e J (Ck)a n Sin- (75)

2 nd
2n
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From Equation 75

U2 n- (1 _ coo 0)n (n 2 n + C 2n)/( sin 0)n 4, 2 (76)

where

I2 p (n. - cos 0) (1 + coo O)n (sin 4) I-n d € (77)

Finally from Equations .70(a) and 70(b),

S 1 (U + U (78(a))
*n 2 in 2 n

or

s n" [ + con O)n (I + C d) /(sin OP)+ 2

)n I + C2  ) /(sin 4) n + 2] (78(b))
(1 cs ,)n( 2 n 2n 7()

S 1 (U - U ) (79(a))

Oen 2 1 n 2 n

or

,e - . [i + Cos )n (I + C )/(sin € n+ 2O~en 12 n I n

(79"(b))

+ (1 - cos *)n (I + C )/(sin 4) +
2n 2 n
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The stresses are

N
N - q r 1, . con n e (80(a))

0 'n

N
No - N q r E V cos o ( (80(b))

N
N - q r. Z S sin n 8 (30(c))0o 0 •8n

The above results represent the general solution of the Equilibrium
Equations 63(a) , 63(b), and 63(c) • Evaluation of the integration constants
in U and U was accomplished by examining each load tein independentlyin 211

and defining boundaries to assure finite stress values and strain com-
patibility at the tent base (0 - 0B).

In each load term there exist two arbitrary constants, C and C
in 2 n

We can determine C for all values of n from Equation 73 by requiring
in

that stress resultants, hence U nbe finite at the apex (4 - 0). In
in

Equation 73, there is a zero of order n + 2 in the denominator. As can
be verified by repeated application of L'Hospital's Rule, a finite value of
Uln is given at the apex by setting

C 1 I (0), 0 Sn (81)n in

Similarly for U , f.roi Equation 76,2 n

c - 1 (0), n- 0, 1 (82)
2 n 2 n
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I
Whun n z-2, the above relation becomes indeterminate and C remains un-

2n

known.

For evaluation of constants C (2 <_Sn)uotrain compatibility was
2n

ronit4•tira ar t hm, - h am^ Atm6 A I, %siw|tra hnn at-rtm4" 4m ,sva .,

The hoop strain is

NN
E -I le (83(a))

EE

N N
0 _ (83(b))E

Hence,

N -V N (84)

From Equations 48 and 64,

N
N -- N q r p ( c) fosn (85)0 n

ThenEquation 84 beqom.a fore Aac.h load term

S B q r p (OB) coo n 8 (86(a))

qr + V Pn(0 B) coo n 0 (86(b))
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From Equations 80(a) for each Load term evaluated at B

-S ) cos n (87)qr on B

Substituting Equation 86(h) into Equation 87

1 + V P (0) S (0) (88(a))
n B on B

n(OB) 1 + V B (88(b))

Evaluating Equation 78(b) at

OBBS~ n ¢ B ) - ( I + c s , ~ n I 1 ( * ) + C l n / s i n ( 0 ) n + 2

(89)

- (1- cos B )n ( 0 B) + C )/(sain*Bn ]

Substituting ".quations 88(b) and 89 and solving, when 2 <L n1

(1 + cog •B)n
c 2 n = -Cos B n (I (Os) + c I -n (0 B Szn (1 •eB~n B n ni 2 ni B

S 2 ( B)n + 2  (90)

(1 +•) (1- coo u ) n B
B
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All constants of inte:ration are thus evaluated and the solution is com-
plete. Integrated values for Ii W( for N - 7 are as follows:

I -A~ (13in2ý) +A (lin'f J)+A,(Luan

in n 2 a: 14

+ A6 5 - sina )(1()

1l = 1 (-coso +- 3 os C0 )

-A+ 3 + 8

y3( - cogl € in4 cogT5 cs3€

+As (-•o 2-

+ A (-.Cos ~sin' * -- Cos sin 4 -. coo
5 56 .28 7

1+ I co0 3 €)

+co ( 5 cos sin6- co sin4 €

7 7 o~o 72 12

3 coa.+ T *) (91(b))

I -A (cog miU 1i
12 2 -.. u 2 € gj;€

+ A ( co + - og3 - n4 - s 6 )
43 4 12si

+ 03 3coo sin4  1 .. ~6
6 4 co CO 1T6 32 air

15

" 25 (91(c))

113.0c - cr c _I co.s sin 40)
20+A3.= (-1.cos - c°3 * -5 ainz• + .i2-

+ * - ( 9 Co s• + 3 oml 5 - jU +t. 17 + cog, ,g 4 )
735
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+ 5 c o m n

I I
112

+A coo + cogn cog Sin4 € si~n61 4

+ C 7 6
48 s n 6 cog - cos 4 sin8 4) (91(d))

'48 192

Cr-iA (_ 1 - 5 3 3 2 4
14 4 2 4 6C 2 sin + I ain

+ 1 6

48 i 6 4

+ 1 4-'!COB + - ~s 4 -lai+n COS 0 sin6 2 *2 8 4

sin 6  + sin8 s ) (9 1 (e))

1A S - COB L - cos 3 4-2 sin2  s + i ln
15s 7 78

9 4 -1 co4 sin6
Ssin -

112

+ +A (coo 4+ Icog3  _Z~~n s +~o4in4 4

+L5 si 29 6+48sin6 4 - 0a coso sin (91(f))
144v ~~576 CS4Ef 8 * 9()

I A Cos 0 -- cog 3 0-_ sin 2 4+ 4.

4 - 0 1 sin
16 6 ~4 2 8

16con ~4-~ -256 ' ) (91(g))
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(2 A3 2
17 7 3 4

5 1-
-Tcou 6 Nm4n 6 - 7 main 6 + IcoBs~ a i 6

v 24 18

+ coL co sine *) (91(h))
576

1 -2 1 (92(a))20 10

- I (92(b))
21 10

IcoA (- cs0+ I in2 0 +in~o)22 22

+A (-cos 0 + cog3 + gin4 0 _Ln_ _ )
4 3 4 12-

+ -- o 1 C * o -- g0sin - SiD6

+ 15+ 15 N ) (92(c))

-A - con - co + sin 2  0 + c_ Co sin4 *)
23 3 5!oi 5 20+-

+A (--co + C03 0 +.! sin4 + 17 coo sin4 0
S 7 7 8 56

+-5coo sin6 0)
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+ A (cooBO+ICou3 * - -1con *sin 4 0 + 7 sin 6 07 34 Z. II
48 coo 0 sin 0 co-- ol 0 sin' (92(d))

- A ( -- 5cas € - -1 Sin2 in4
24 4 2 sin6

+ A ( C-os + +1 cos + + 1 in4  + cos 4sin4 €

I

- sin 6 * - T2. sln8 *) (92(e))
4 128

- A -cos -co + 2 sn2 -sin' 0
25 5

-5 coo * sin - r2 cos •ul 6 sn

+ A + - .os € " cog 3 € + 2 Stn4 * + A co sin
7 3 9 4 3

35 2

- CB*sin6 _L co 32 sin6  7 9()

44 n5 6 coos in' )(92(f))

I A (¼Cos € c- 3 0+3in2 7•9in26 6 4 4~s € 2 8 ln

2 2075

27 7 4

24• sin6€+-- coo 0 sin6 €+• 576 co sin8 €)(92(h))
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I
Cjylindrical Portion of Cylindrical Tents

The cylindrical portion of the tent is considered to be loaded by
three separate loads; 1) internal pressure, 2) external pressure from wind
load and 3) equilibrium membrane force of the hemispherical section at each
end of the cylinder. The forces resulting from the three separate loads are

u_----------------------------------------------
is theorized that the risulting stresses are conservative because, at lines
of force discontinuity, the maximum stress values would be relieved if dis-
placement compatibility ware attained between adjoining free bodies.

Radial loads on the cylindrical portion of the tent include internal
pressure, P, and wind loads, Pxi'

Pe q A (93(a))

Nn
P ZnqL A sin * (93(b))ext 0 n

The radial loads are combined as indicated giving a resultant radial load,
e -P SQ.& FJgurm 69(a).

The cylindrical membrane when subjected to a radial load varying with
* should distort freely such that the circumferential force is constant..
This im because Ve have assumed that there are no tangential loads and that
the fabric has sear banding.stiffness. It must then follow that the radius
would be variable with 0 in order that equilibrium be maintained through the
relation

N. -(P P r (0) (94)
S ext

or

Nr (€)- •(95
P - Pext
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I
The ;esulting deformation would inversely simulc'.e the load magnitude as

shown in Figure 69(bl Toevaluate Ný we will consider equilibrium of a cy-
lindrical body of unit length radial load varying with 0.

Summation of vertical forces (see Figure 69(c): 1

2 N sin4 c f Cos C d (96)

B

where

P e p ext (97)

therefore

•,OB NI

r (P - q A sin" ) Cos d 0 (98(a))No 2 sin €*-B~C es

since N is constant. Then

r (P N n
N sin e " q E A slun )cos d (98(b))

B 0 n

which reduces to

N P N A sin n + 1
--I . e r 1 B (98(c))
q r q sin 0 n + 1
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Let

C (99(a))1
q qr

N A sinn o

C E n (99(b))
0 n+i

n A coo sin " •q
8---A-C = 0 B n(100)

B n + 1

•,coo • sin-n"I• 0 (101)

OB " n - 0, 1, 2, .. . N (maximum)

Since flexibility is apparent and distortion conforms to minimum energy
principles, utilization of maximum 0 i 7 n the calculation of all n values
in the expression for C is reasonable and conservative.

N An
.C E r (102)

0

and

N P N A
= -J-.£ - (103)q r q 0 Un+ (13

Axial loads on the cylinder are taken as the loads necessary for
equilibrium of the hemispherical ends and are determined by use of the
spherical tent soluition. The spherical an" are assumed to be joined to-
gether to form a sphere with load distribution as determined by the actual
test data. The resulting N0 atO - 0 and 0 - i must then be applied to each
end of the cylinder. The only additictAal axial load on the cylinder is
that due to internal pressure or
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II

Pr

Xe - (104)

Total axial stress for body equilibrium is given by

p r

N - N 0- , V -) + ( 1 05(a))
x 6 2

or

N N P

- .-_2 (€, a - 0, 7) + -S (105(b))q r q r 2q

It is recognized that the above analysis does not provide for dis-
placement compatibility at the sphere-cylinder junction. It is quite
apparent that a compatibility solution should provide a reduction in the
calculated peak value because of the edge flexibility of the supporting
cylinder. It is also noted that the peak stress values for N8 (necessary
for end equilibrium)are consequently regarded as slightly conservative.

It is also recognized that no evaluation of shear (No,) is attempted
in the cylindrical shell section. The analysis of shear is not considered
critical since the material can buckle in shear without consequent failure
(rupture) of the fabric. The critical stress components are taken to be
tensile membrane forces,

Ellipsoidal Ends of Cylindrical Tents

The short radius tents consist of cylindrical single-wall sections
with ellipsoidal ends in lieu of the spherical ends commonly used now. A
membrane stress analysis of the ellipsoidal ends from thin shall theory was
accomplished through an affine transformation to a fictitious spherical
shell, as presented in Reference 10, pp. 191-205. Stress resultants were
then found for the sphere with the solution in Reference 10, pp. 48-50, and
transformed back to the ellipsoid.

To obtain the sphere, the affine transformation yields

x - Xjx y Y ; 2y , Z - z (106)
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I
where A1 - a!r and A2 " b/r as shown in Figure 65.

The total load on the ellipsoid consists of two parts, the internal

jkiýauiz required ior i•tnial inflation, and the external wind load$. The
total load is the sum of these two,

p P -p (107)
e ext

The expression for P . is given in the pressure distribution section, andext
is negative here because a positive load in this analysis acts outward as
opposed to the positive inward sign convention for wind tunnel data re-
duction which was used in the derivation of P ext

Pe is given by

p -q A (108)e

Transformation of the normal load on the ellipsoid to the sphere yields a
load with components along all of the spherical coordinate directions, as
given by

P ( (.1 L sin * sin 2 8*) p (109(a))
6 2

r -C L2 2 siu co cs ) P(109(b))

Pr (L +-L 3 hiU2* L, sin2  - 2 *) p (10(9O(c))

.qhere I -, L2 A1 A2 , and L -L + L 2  2 X A2  (110(abc))
A2  X3 3 A2  X1
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Substituting Equation 107 into Equation 109, and with the relations

sin 2 * coon8* 1 sin (2 + n) 8*+lasin (2-n) , and

cos 2 a coo n 8" -a cos (2 + n) e + 1 cos (2 - n) e*, the loads become2 222

P " q L" P (p*) sin n 8* (111(a))

1

SN+ 2

P• q £ P (0*) coo (1

0 r+ (111(c))

N +2
q Prn ( co) COn e (l())
0

where *

P L sin (P- P) (112(a))

al 4- 1 3 1

P -.- L sin 0 (p -2p + 2A) (112(b))

02 41 4 e e

P L, sin 2 n . 3 (112(c))

.. ~~a (, 1,(e-0)+ 2- *n -2

(As -0)" + I L, p ain 0* coos (113(a))

2

P 2 L (p +p- pILAp s - Cos 0 (113(b))

1 [ Y 1 e 3 3 "

L (p + p -2L)- p sin co , n 3 (113(d))

1 n+ 2 n -
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, *1 1 1 *

Pro * ( 2 +L ) (A - ) + L0 p sin 2] (114(a))

r1 - L (p + p (L C2Z s -+ L p sin22 (114(b))L1

P (p+2 p 2 A,*+ L p sin (114(c))

Prn• LL (P + Pn -2) - (L2  
2 * + • L3) Pn sin2 ++ n >-- 3 (114(d))

*With the loads expressed in Equation 111 the stress resultants for the sphere
are given by the following relations.

N+2  *
N -q r ENn coo n o (115(a))

* N+2 + 2
Ne q r E (P N ) coo n e (115(b))

0 rn n

* N+2 * (15()
N• . q r E N On sin n (115(c))

N 1" ( 1 + V (16(a))

n n

NoeU (un - v ) (116(b))

U .o 2  * - I - z ) (117(a))
f. 2 n in

V .i2*tnn 2 ta " - (117(b))• •%n n

48

I;.

•I



I S + P - (n + coo csc o P sin2 tan' do* (118(a))[(n n on rn

- + (n - coo cc sin2 fl *• * (118(b).
anJ [Pn en rnn r

Ana and Bn are constants of integration. To determins these constants, finite
stress resultants at • = 0 and 0* wf were required. This yields

S- I (0), fl Ž0 (i19(a))
n in

B- I (0), n - 0, 1 (119(b))
n 2U

SI () n Z--2 (119(c))
n 2n

To obtain the stress resultants in the ellipsoidal shell from those
in the sphere, the following relations were used.

,d ds*

o M deO

N -N -4-. 0l

N e dNe * dsW

Ne = 0

where

dsI l do 2CO92 coe 2ew + X 2 cos2 * si•2 "+ sn 2 e + (121(a))
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. 0e X12 sin2 e* + X2
2 coa 2 e (121(b))

This a eluton is %:e!id for a_ load w-hich is s~mmtr.L aIoUt•w -
plane. By varying X1 and X2, solutions for broadside or head-on winds may
be obtained:, for the broadside wind, X1 - 1 and X2 - b/r; for the head-on

wind, X1 - b/r and X2 a 1. See Figure 70.

To effect an analysis of this tent end, N - 3 was selected. This
gives us a third degree polynomial representation in X of the wind load.

Introducing N w 3 throughout the analysis yields the following relations
necessary to obtain the solution.

p0 p A0 + A 2 (122(a))

* 3
P1 - A1 sin + A 3 sin3 • (122(b))

p 2 T A2 sin 2 @ (112(c))

3 4 A3 sin3  (112(d))

P - (A- A )(L 2 + L 3 sn 2  *) + 1A 2 sin
2 s*n2 • ( L - L 3 ) - (123(a))

r o  
e 0

p -A sin sin2o**( - L L -L + A in3o n2**(1 L-L)-L (23(b))

r1 1 2 1 2 A sin 31

pr 2 • (Ao A ) L sin2a + A sin2 ,*.sin2 (L1 - L3 ) - (3(c)

222 L (123(c)
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2I
3 A L sin +A3 sin' ÷ (n lLa- L3 ) - LI].23(d))

r3  1 1 4 3 2 1 3)

p 1A L sin4 0 (123(6%) N
r4 5 2 1

Ar5 A L sin5 0 (123(f))

L ( 2 A L2 (A_ A )An 2 * L A1 sn0 (124(a))
10 L20 A 2 4 e 2 2

IiII.. A 3(LI- L3 )sin6 0*+ 1 AI(L 1 - L3)s n4 *0+ -3 A 3 (L l2L 2 _L3)sin4 cos.+(124(b))

( 3A * (sin * + 2

(6 1 0+ A3) (L 1-2L 2- L3 )cos 0 (sin2

10 1 0 +2

mlA(L -L )sin6 04+A (L -L )Sin 4 0** 3 AL2L)n 4 0*coo 0* -(2(

21 16- 3 1 3 8 1 1 a 40 3 1 23

(L1- 2L 2- L 3)(W A1 .+ I0A)co* (AdCO* + 2)

6.10

T2 - L (Ae- Ao)+ ).L 2 A 1co- S*3+ coo (1 -oo (124(d))

+ - 2 (L3- 2 LnA2[13I + cos 49 +.oI

15
*31 *3*

-. 1( +~ (L..2. ~AI~ sin + al ~)+ w coo, (+coo*)12 2'J 2 L
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30 J 1
*+ coo 1-o

1(-AL -LA )(1-o )'i"Ao. •-oa•) +1.(-
134 4 3 2 1 1 6 32 5

+3ASh(i3- 21,) sin2  -cog )4 Cog coo

-cog

~.2-A 312- LIA) + coo ) L- A os A (1 + Cos M- -(l+cas 0* +(124(g))k314 16 235

3 *A 1.3- 2L1,).Lsin 1(1+CoS *)4 CS_ c0+Cos 1+Co

1 , A2(1)s

114 1 ( - (124(h))

,1 2 s ( 124(1))

15 - T• 1 A (1 - COS $)6 (124(j))

L I A (1 + COS )6

(25 1 1 3 (124(k)).

0. n = 1 (125(a))

A 1 - B 1 (I A1 +1I A3 ) (L1  2L 2 - L3 ) (125(b))
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ResultsSpherical Tents

Available pressure data from all tests on spherical tent models have
been analyzed. Stress coefficients were calculated on Hayes' IBM 1620 Com-

puter.' Stresses were calculated at 15 Intervals, from * - 150 to -#B and
from 8 - 0 to e w 1800. Typical stress coefficients are illustrated in
Figures 71,e72 and 7de

Peak stress coefficients for the non-porous spherical model tents
are plotted in Figures 74,75 and 76. Peak stress values are the maximum
occurring iu the tent. Peak N, U•ally occurs at * - 150 and 0 - 750.
Peak N usually occurs at 15," and 8 w 0 (see Figures 71 and 72). As
is evident on Figures74 through 76, the stress coefficient curves are drawn
above the plotted points and represent maximum peak stress values where in-
ternal pressure is varied from 5/4q. No pattern of stress coefficients is
discernible due to varying internal pressure within the selected range.

The curves of peak stress coefficients are utilized to prepare design
curves as shown in Figures 71, 78, and 79. These design curves provide a
direct reading of peak stress coefficients for any given h/d and design
dynamic, or impact, pressure, q, where internal tent pressure is approxi-
mately equal to q.

Since wind loading can be from any direction, stress variations with
8 becomes inconsequential in the spherical design. However it may be advan-
tageous or desirable that the designer be able to determine stress variations
with apex angle, *. Figures80 through83 have been derived from test data
maximum values end provide a ratio of N,(O) to N,(peak) for use in design
calculations. No comparable curve is prepared for N(Obecause the variation
in Ný with 0 is slight (see Figure 71 at e - 750).

In the boundary condition requiring strain compatibility at the tent
base (• - Poisson's ratio kv) is inherent. Because no-information is
available on Poisson effects in tent fabrics and also because different
weaves and fabric compositions would affect the strain characteristics, the
analysi. .,.va employed a somewhat arbitrary Poisson's ratio equal to one.
Since •,i ý,rue value of Poisson's ratio may be significantly less than the
assumed value, streus coefficients were recalculated with v * 0. 5. The
maximum resulting deviation being less than six percent, it was felt that
corrections were not justified.

Cylindrical Tents with Spherical Ends

All tests on cylindrical tent models have been analysed. The effects
of internal pressure we= inherently accounted for in these analyses. The
internal tent model pressure was set at 4/5 q, 1 q, and 5/4 q for each wind
velocity used. Broadside wind direction, normal to the cylindrical section
centerline, creates the most severe loading condition and the largest fabric
stresses. The aerodynamic pressure data gathered from these tests Indicated
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much lower values for any wind direction other than broadside which sub-
stantiates what may be deduced from observation.

Li im~mu ibuLluJ s1 aLLaUUU iuZZuiLLLbU. were calculat-ed on Hayes'
IBM 1620 computer and are listed in tabular form in Table IIL Typical
values Qf stress coefficients versus the angle 8 are presented in Figures
84 , 85 and 86. These results are typical of all models tested and thus
present all the necessary information required to develope design curves
for tents that exist within the set, i. a., h/d ranging from 3/8 to 3/4
and w/zh ranging from 1/4 to 1/1.

The calculated results of N /q r versus q are plotted in Figure 87
for both the cylindrical section and the spherical ends. The scatter of all
results are included within the shaded area and a line of maximum bounding
the upper limits describeathe maximum stress level for any wind velocity up
to 105 mph.

The calculated results of N /q r versus q are plotted in Figure 88

for the spherical ends. These results are interpreted as above, with one
addition: the cylindrical section peak values are assumed constant longi-
tudinally (in the direction of x) except at the interface.

The calculated results of N49 /q r versus q are plotted in Figure89
for the spherical ends. These results are interpreted as before except the
shear is assumed to be zero at the interface and anywhere on the cylindrical
section away from the base.

Figure 90 presents an illustration of all maximum values of N /q r

stress coefficients as typically presented in Figure84 combined with the
maximum calculated value for the cylindrical section for all tests at all
wind velocities for every .from 150 to 750. The abscissa is divided as
a function of d, the basic tent diameter, and the radius projection of
various positions of 8 in 150 intervals from 0° reference point to 6 - 1800.
The purpose of this division is to allow a plot of maximum-stress coef-
ficients showing the distribution around an end, through the discontinuity
region at the interface, and continuity in the cylindrical section. The
rear side is split out and rotated 1800 in order to better show the dis-
tribution. Only one-half of the model is presented because of symmetric
loading and.results.

Figure 91 presents an illustration of all maximum values of N /q r
stress coefficients as typically presented in Figure 84 combined witR the
extension assumption that the cylindrical equilibrium forces are constant
in the cylindrical section for all tests at all wind velocities for every
Sfrom 150 to 0B" The remaining explanation of the figure is stated in the
preceding paragraph.'

Figure 9 2presents a cross plot of maximum N4/ q r stress coefficient
as a function of the angular position from * - 00 to ± 0.. These values
are representative of maximum interface stress coefficients considering
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discontinuity effects at the junction of the cylindrical section and the
atrhmeL.'t end .. L... 01 4AuL 1;3C.

Figure93 presents a cross plot of maxium NH0/q r atrees coeffi 4ient
as a tunction of the angular position from • 00 to ± 0 Bo These values are
again rep,'esentative of maximum interface stress coefficients combined with
the extension assumption th,.,t the cylindrical equilibrium forces are con-
stant in the cylindrical suc~ion for all tests at all wind velocities at the
junction of the cylindrical section and the spherical ends where 8 - 00 and
1800.

The purpose of this presentation, as outlined previously, is to
develop design data curves from which the design of a cylindrically shaped
tent with spherical ends carn be made without undue labor or theoraLl~al
analysis of stresses. The figures presented in this part enable the design-
er to predict maximum stress coefficients for various cylindrically shaped
spherical ended tent sizes for wind velocities up to 110 mph.

Figures 94 thru 96 present a typical plot of stress coefficients for
specific dynamic pressures for W/ih equal to 1/2. These results represent

an attempt to present design data to use as a means to arrive at inter-
polated values of the stress coefficients for various wind velocities. The
curves thus presented represent a minimum of data points and cannot be re-
lied upon to give accurate results. The final design curves described in
the following paragraphs constitute the evaluation of data herein presented
and should be used in any design problem.

Maximum stress coefficients presented in Table Il represent all
maximums for all combinations of sizes and wind velocities. The scatter of
results as illustrated in Figures 87 through 89. proved that the maximum
stress at any point can be predicted for any wind velocity by using a line
of maximums which bound the scatter region for any specific model.

The resulting design curves, Figures 97 through 105, utilize this
method to predict maximum stress coefficients. The calculated stress
coefficient maximums of all tests on all models include all of the specific
results within its set and therefore the scatter of the maximums represent
all of the results for any specific variation in proportional size.

Resulting stress coefficients in any portion of a cylindrically
shaped spherical ended tent can be obtained by using the design stress
coefficient curves presented in Figures 97 through 105. To use these curves,
the designer would decide upon the proportions of size of the tent to be
designed, either by aerodynamic considerations or other requirements, and
choose the figure for the specifIc h/d ratio which applied to the given
problem. After this.the designer would than enter the graph upon the
abscissa at the predetermined W/L h and read upward to either the curve
labled cylindrical section or sphkdoaluindwds and determine the corre-
sponding stress coefficient by reading across to the ordinate index.
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Figure94 presents the variation of maximum stress coefficient,
(N /q r) maximum, versus h/d for a constant W/Zh - 1/2, for any specific

dynamic pressure, in the svharical endsand thp r,14•A,•A -4_1 . ."j-.

Figure 95 presents the variation of maximum stress coefficient,
(Ne/q r) maximum, vcrsus h/d foi a constant W/ih - i/z, for any specific

dynamic pressure, in the spherical ends and the cylindrical section, assum-
ing the extension of equilibrium forces to be constant.

Figure 96 presents the variation of maximum stress coefficient,
(N 8/q r) maximum, versus h/d for a constant W/1h - 1/2, for any specific

dynamic pressure, in the spherical ends. The shear stress coefficients
in the cylindrical section are assumed to be zero and their calculation has
herein been neglected.

Figures 97, 98 and 99 present maximum stress coefficients, (N /q r)

maximum, versus W/kh a 1/4 to 1/1 for both spherical ends and the cylindrical
section of the tents for all broadside wind loads for h/d ratios of 3/8,
1/2 and 3/4, respectively. These design data curves will provide accurate
results of stress coefficients for any tent with these particular pro-
portional sizes for all load conditions. It must be remembered that the
stress coefficients depicted from these curves do not represent the total
stress condition. The effects of internal pressure must be added to these
results.

Figures 100 101, andl02present maximum stress coefficient, (N6 /q r)
maximum, versus W/1h ratios as stated in the preceding paragraph with the
equilibrium extension applying throughout the cylindrical section.

Figures 103 104 and 105 present maximum stress coefficient, (N 6/q r)
maximum, versus W/ih ratios as stated above except in the cylindrical
section where the assumed shear stress is zero.

Cylindrical Tents with Ellipsoidal Ends

The short radius tents were analyzed for a broadside wind loading on
the Hayes' IBM 360 computer. Figures 106 through 109 show typical stress
coefficients for the model tested as a function of the fictitious spherical
coordinates which were used in the analysis. This is a more regular system

* in which to deal, but if it is desirable, Table IV gives the values of the
ellipsoidal coordinates corresponding to several of the spherical ones used

in the analysis. Results of the analysis of the one model tested(b/r w 1/2,
h/d - 1/2, and W/h 1/2) were extrapolated to yield peak stress coef-
ficients for otherh configurations.

As may be seen from Figures 110 nhkdki a12,• snueYs ireaulants in thu short
radius ends are higher than in the spherical ends. The stress ratios are
nearly proportional to the inverse of b/r; hence, the more eccentric the
ellipsodial ends are, the higher the stress resultants.
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I
Stress Profiles

Stress profiles (lines of constant stress) were prepared for spheri-
cal single-wall tents with h/d ratios of 3/8, 1/2 and 3/4p: ad for cylindri-
ual single-wall tents with spherical ends with W/kh- i/2 and h/d ratios
of 1/2 and 3/4. These stress profiles are critical for all combinations of
internal pressure and wind velocity tested - P - 4/5 q, q, 5/4 q, and
q - 0.6, 3.0, 6.0 Inches of water gage.

These stress profiles were prepared to visualize areas of maximum I
stress. Since the wind may come from any direction, the variation of stress
with the 8 coordinate can be ignored. Considering, then, only the variations
with respect to 0, the stress resultant N is constant in the cylindrical
portion and nearly constant in the spherital ends. N8 and N , however,
both peak near the apex, showing a definite separation at about • - 400.
This may be seen easily in Figures ll3through 124.

Design Curve Summary and Application

Spherical Tents

The design curves generated in this study and analysis are presented
ac Figures 77 through 83. Utilization of the design curves is as follows:

1) From design requirements determine tent size and shape
and design value for dynamic (or impact) pressure.

2) Enter Figures 77, 78, or 79 with required h/d on the appropriate
curve for dynamic pressure and read stress coefficients,

N N N
qr' qr qr

3) Multiply stress coefficients by design dynamic pressure,
q, in p. s. i. and tent radius, r, in inches. Products
are stress resultants NV, NO, Ne in pounds per inch.

4) If variation in N with apex angle, p, is desired, determine' 0
stress ratio,

N W~

N (peak)

from Figures 80, 81, 82 or 83 depending on appropriate h/d.
Multiply stress ratios (from 4) by N, (from 3) to get variable
valuet of N versus apex, 4.
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5) Total stress resultants are:

14-N (from 3) + pe
2

P r
ITO N (from 3) + e2

16 =N (from 3)

Cylindrical Tents with Spherical Ends

The design curves presented in this study and analysis are included
as Figures 97 through 105. Utilization of the design curves is as follows:

1) From design requirements determine tent size and shape and
dynamic (or impact) pressure design value.

2) Enter Figures 97 throughlO2 (choosing the appropriate figureby Knowing the h/d ratio) with the required W/th and read

stress coefficients, N4 / q r, N0/ q r, and N•e/ q r for
both the cylindrical section and the spherical ends. For
stress coefficient values which would exist for other sizes
than those presented, linear interpolation within the range
given will yield corresponding results.

3) Multiply stress coefficients by design dynamic pressure, q,
in p. s. i. and tent radius, r, in inches. Products are
stress resultants N4, NO, NO in pounds per inch.

4) Total stress resultants are:

r- P r + N (from 3) Cylinder

IT- P er/2 + N (from 3) Spherical Ends

IT N -P r/2 + N (from 3) Both
e x e S

'N 6 - N@e (from 3) Spherical Ends
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Cyijndrical Tents with Ellipsoidal Ends I
The design i,,rvee resulting frQQ Lhis study and analysis are pre-

sented as Figures 109 through 112. Utilizatiov of the design curves is as
follows:

1) From design requirements determine tent size and shape
and dynamic (or impact) pressure design value.

2) Enter Figure 109 and read the basic stress coef-
ficients (N /q r and Ne/q r, and N~e/q r) for the design

dynamic pressure, q.

3) Enter Figures 110 through 112 and read the correction factors
for Pe/q (Cq,, Cq )p h/d (Cho, Che), W/k.h (Cw,, Cw). and

b/r (Cba, Cb ) for the cylindrical portion and ellipsoidal
end.

4) Multiply corresponding correction factors with the basic
stress coefficients and the dynamic pressure and tent
radius to get the total stress resultant.

Ends; using the correction factors for the ends:

.C C ( /q r) q r

0 qo ho CWOCbo (N/r0

N6 -Cqe Che weCbe (N /q r) q r

N~6 " Cq0 Choe CW06 Cboo (N 6/q r) q r

Centeri using the correction factors for the
cylindrical portion:

0 -c cq Cho CWO Cb (N /q r) q r

NX Cqe ChO CWO Cbe (Nx/q r) q r
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CELLULAR BEAM TESTS

Introduction

Tn nvrslr to anvirkaar a4r-aupportad structures. It Ia na•camary to ha
able to. tailor designs for spocifia requirements thereby placing the
strength where it is needed without penalizing other areas with unnecessary
weight. To accomplish this, accurate methods of analysis are required,
methods which do not unduly restrict the designer or analyst to certain
shapes or sizes which have been used in the past. Only a cursory glance,
however, is needed to realize the vast complexities which arise in analyz-
ing fabric, air supported cellular structures. Rather than attack the
problem from a completely analytical standpoint, then, it was decided to
empirically correct a relatively simple deflection theory using data
gathered from tests of fabric, air inflated cellular beams.

Because of the importance of wind loads in the design of double-wall
tents, the manner of loading chosen for the tests was air pressure, uniform-
ly distributed over one side of the beam. The deflections of the beams were
measured and recorded as a function of beam position, load, and cell pressure.
This procedure was repeated several times, for twelve models, to assure
valid results.

Test Specimens

The models tested consisted of twelve inflated fabric beams, approxi-
mately three feet wide and four feet long (along the cell axis). There
were basically three different call sizes, one of each size for the straight
beams and three of each for the nine curved models. All beams were fabri-
cated of a Lincoln Fabric, Style Number 9199, which weighs 2.5 oz/sq yd.
Care was taken during fabrication to keep the warp direction along the beam
axis. This necessitated, in the curved beams, splicing several short pieces
of fabric together to make the webs. Such a technique yields a nearly uni-
form modulus of elasticity along the beam axis.

Prior to testing, the models were measured and averagc (or typical)
dimensions recorded. These dimensions, and otheacalculated from these,
are tabulated in Table V. Direct measurement was made of d, w, n, Wb, and
Ib. The beam radius r, base angle *B9 and cell angle mc had to be calcu-

lated. The call angls, being particularly sensitive to measurement, was
calculated through the following relation, which averages the cell width
and beam width measurements.

a - sin1 l' {V + [ (Wb /Wc) - 1] / (n - 1)) (126)

The beam radius and base angle of the curved model- were found from an
iterative solution of the following relations.
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2 r

b 2 rB 127(a)

kc a 2 r sin. 127(b)

Those quantities are pictured in Figure 125.

Test Fixture

To statically load the modelu with a uniform air load, it was de-
cided to use a test chamber with one side open. The model itself was
employed as the remaining side to form a closed air chanber. Figure 126
is a schematic of the teat fixture with a beam installed, and Figure 127
is a photograph of the test chamber without the beam. As may be seen in
these figures, the end conditions were a pin and a roller. The beam models
were supplied with extra material on all four sides. The ends were fasten-
ed to the chamber and roller as shown in the schematic of Figure 126. The
fabric along the sides was then taped to the sides of the chamber as shown
in Figures128 and 129. This was necessary to completely seal the chamber.
Th.re was approximately an inch gap between the beam edge and the chamber
wall. The additional load due to this gap, since beam width was 34 inches,
is less than 3 percent (A 1/34). Furthermore, its effect dimin~shee with
distance from the beam edge, being a minimu= at the uenter of the beam
where deflections were measured. Hence, net effect of the side curtains
was negligible.

Inflation piessure of the beams was measured on a vertical water
manometer board. The pressure tube supplying this manometer originated on
the underside of the beam, several cells removed from the beam pressure
inlet. This was done to account for pressure reduction from leakage
through beam fabric and seams. The chamber pressure was measured on an
inclined water manometer board with a 10:1 slope (horizontal : vertical).
This approach was necessary to accurately record the very small loads im-
posed on the beams. These manometer boards can be seen on the right hand
side of Figure 127.

Test Procedure

The general procedure followed to statically test the beams was as
follows:

1. Install beam in test fixture

2. Iustall deflection measuring devices.

3. Inflate beam to test inflation pressure.

4. Record zero deflections.

5. Pressurize test chaber to initial test pressure and
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record beam deflection readings.

pressure constant. Record the deflection readings at each
chamber pressure until the maximum deflection is reached.

7. Decrease chamber pressure to zero.

8. Repeat steps 4 through 7 for confirmation.

9. Increase beam inflation pressure incrementally, repeating
steps 4 through 8 at each pressure until these steps have
been completed for the maximum beam pressure.

10. Remove beam from test fixture.

This procedure was followed until tests of all twelve beams were completed
and data repeatability obtained.

Results

Basic data collected from the tests consisted of horizontal beam
deflection at the roller end vertical deflection of the movable beams
support plate, vertical deflections at several points between the end and
the center of each beam, applied load at initial wrinkle, and cell pressure.
The basic data was reduced to yield deflections relative to the ends of the
beams; i.e., the deflection of the plate which was used to obtain the roller
boundary condition is accounted for in the final data reduction.

Load-deflection curves were plotted for all beams and compared with
theoretical predictions generated from techniques described in DOUBLE WALL
TENTS Stress Analysis. Discrepancies between the data were eliminated by
reduction of the wrinkling value of M/P r and the section moment of iner-
tia. Through trial and error, these valugs were reduced to graphical form,
dependent on the cell pressure and the beam to cell radius ratio. Figure 130
is the final product of this phase of the effort. Figures 131 and 132 show
the agreement between theoretical and experimental results after empirical
adjustment of the theory.

DOUBLE-WALL TENTS

Introduction

Double-wall tents provide inexpensive, eaaily portable environmental
protection without the need to completely enclose the working area. Further-
more, by providing for independent cell inflation, a tear or hole in one
portion of the tent will not initiate collapse .of the entire structure.
Obviously, the overall strength of the tent will be reduced, but under ordi-
nary circumstances, the tent will continue to perform with little or no
noticeable effect.
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In the design of a double-wall tent. weight. n.keAo & ,,a.. __closed volume are of prime importance. For this reason, a weight-to-volume
ratio is theoretically minimized in the following study. Results of thestudy prnvide a relationship between the uumber of cells in a tent and the
cell angle.

Stress analysis of double-wall tents is extended into the nonlinear,post-wrinkling stage, Nonlinear load-deformation relations are derived, andafter piece-wise linearization, are used to derive transfer matrices for thebasic beam elements. With empirical data gained from inflated beam tests,these transfer matrices are used to analyze double-wall tents subjected to
broadside wind loads.

Weight Study

To effect a least-weight analysis, it is necessary to derive approxi-mate relations for the weight and enclosed volume of a tent. The cross-
sectional area inside the tent shown in Figure 133 is approximately

At V r (r OB + 2 hr r + ) cct ýB' (128)

The enclosed volume is At h or

V -2n r, sin a. [r (r .,+ 2h. a .)+(2+~~¶* 19

The weight of the fabric used to form n cells is

Wt - 40 Ir. 2n ac+ (n + 1)cos ac][(r + rc)(OB + cot OB) + hr csc (130)

where 0 - fabric weight per unit surface area. The other parameters are
shown in Figure 133.

To obtain a least-weight design requires the maximum volume-to-
weight ratio. Dividing Equation 129 by Equation 130 , and definingy - V/Wt,

nsin a [rc(r 0,,+ 2hr cac B + (r 2+h) ctB

2 [2 n ac+ (n + 1) cos ac] (r + rc)(4B + cot ýB) + hr csc B (

The intended use of the tent would set certain of the parameters, r, OBI hrland n, which would be a function of the length; and strength requirements
would determine Q. The two remaining independent variables, qc and re,
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determine the cell configuration directly. To establish whether or not y
obtains a finite maximum with regard to a and re, take the partial deriva-
..... .V W.4.. ... . ... .. . . "A . .A . #U. -. .. -l

From a'. 00, no maximum exists; so for minimum weight, the smallest radius

practical should be used. The radius will therefore be dictated by strength
and stability criteria.

Taking the partial derivative of Y with respect to a., and defining

[nr (r B+T rcsc oB) + (r 2 + h2) cot *B]

C =(132)
2 11[r + rc) B + cot *B) + ý B]r c 13

we obtain

2n (ac cos a- sin ad + n + 1

- = c (133)
c 2 naC+ (n +) cos 2 a

Setting Equation 133 equal to zero,

n+lsin ae- ae coO ae c - (1341

The maximum (if it is a maximum) value of y is, then, dependent only upon
the number of cells, n. As a limiting value,

limit n + 1 1/2 (135)
n-. 2n

so that for large values of n,

sin oc- ac cos ac 1/2 (136)

A trial and error solution yields ac 680- 54'. Obviously, for n - 1,
a o90o.
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Since there is only one root of Equation 136 for 0 < ft < Qf° '^ =-A-O-

mine ii this.,is a maximum value, examine the sign of Dy/a on both sides ofCI
the solved value of ac" Setting n - 10, from Equation 133 ,

CSi c [(20 ac+i 11 cs C (20 ac cos o - 20 sin a + 11) (137)

Since the brackets in Equation 137 will always be positive, and only the
magnitude of Equation 137 is of interest, examine only

20 (ac coo MC_ sin a ) + 11 (138)C c

Setting Equation 138 equal to zero, a A&71.50 for n - 10. Now setting
0 1 50° in Equatioa 138 yields a positive sign, and a - 850 results in
a neSative sign. Similar results are obtained for all values of n, so the
result is the desired maximum volume-to-weight ratio in terms of a as a
function of n. Figure 134 illustrates the variance of a and n for maximum

As an illustration, consider an existing tent which shall be referred
to as Tent 1. It has the following parameters: n - 12, a - 15 oz/sq yd,
r = 9' - 6", hr - 2' - 6", ýB w 810, r - 10", and a - 350 - 48'. Using I
Equations 129 and 130 , V a 2234.1 cuft and Wt - 166.5 lb. The tent
is 140.4" long. The weight, as given in the above reference, is 264 lbs for
the shelter section. This extra 97.5 lb is comprised of such items as
carrying handles, zippers, weather seal flaps, local reinforcement,
stitching, etc.

Now redesign Tent 1, varying only a and n and call it Tent 2.
Approximately the same volume will be retained, and the weight will be re-
duced. The cell width will be approximately 2 r sin 700 = 18.8". Require
then, that n k 140.0/18.8 - 7.5. From Figure 134, for n * 8, acc. 720.
Again using Equations 129 and 130 , V - 2421.6 cu ft, and Wt a 149.3 lb.
The length of Tent I is 152.5". Since the weight of the miscellameous items
on Tent 1 will be approximately the same for Tent 2, the final shelter
section weight is 246.8 lb. Theme changes are tabulated in Table VI for
easy comparison, and Figure 135 shows the relative sizes of the tent cells.I This comparison shows a 7% reduction in weight assuming the fabric
weight remains the same. Because the beam stiffness is reduced, though, it
is likely that a higher internal pressure will be required to provide the
necessary stiffness, and possibly that a heavier fabric will be required to
withstand the higher stresses. These and other considerations could over-
ride tht previously predicted "eight sawings.
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Pressure Distribution

PUL nLuclywin uZ double-Ara-l tents, the pressure distribution from a

broadside wind load is taken to be a series of constant loads on short beam I
elements. The pressure distributions were taken from available wind tunnel
data, and extrapolated to include any shapes for which data was not avail-
able. 'These experimental distributions were plotted, a curve placed through
these points, and a representative constant load found for every five-degree
increment along the tent. Typical pressure distributions for various tents
are shown in Figures 136 and 137. A separate distribution was obtained
for every combination of tent shape and wind velocity, for both guyed and
unguyed conditions, to assure accuracy in the calculations of design curves.

Strength Study

It is apparent that geometric optimization alone is insufficient for

complete weight control. Selection of fabric must be made with full con-
sideration of material strength-to-weight ratio. While no formal procedure
is developed herein for fabric selection, it is recognized that proper
fabric design and/or selection can have paramount effect on the attempts to
minimize weight. Study of physical properties of fabric is a significant
and separate endeavor which should merit additional research and develop-
ment outside the scope of this contract. Principal criteria for fabric
weight optimization should require high strength-to-weight ratio and mini-
mum safety margin.

Assuming a linear strain variation in a wrinkled fabric beam, and
zero stress in the wrinkled portion, nonlinear moment-curvature and tension-
strain relations are derived. After piece-wise linearization of these re-
lations, they are substituted into the differential equations governing the
deflections of a beam with a constant distributed load, and the resulting
equations are solved subject to general boundary conditions at one end. In
addition to the boundary conditions, the solutions are also made to yield a
zero deflection state when the beam is subjected only to internal pressure.
Hence the resulting solution is a function only of applied loads.

To analyze a structure with varying distributed load, the structure
is broken into finite elements, each with constant load to approximate the
true loading condition. The deflections and conditions of equilibrium for
each element are placed in an extended transfer matrix, and the matrices
for the entire structure assembled. BoundarV condition. will appear as
knowns in the appropriate state vectors.

Static Stability

Static instability of an "m" times redundant structure will occur
when (m + 1) points have buckled. Since the tent fabric cannot cargy
compression load, static instability is also assumed to occur when the axial
compression load equals the axial tension load due to iflation pressure.
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Shear Deformation

onear eiorma•cion is an important part at to e dceZeCtlon of a.r-
supported cellular fabric beams (Reference 27). In this analysis, as I
in Reference 28, shear defoamation is suosrismosed upon flexural defor-

nation to obtain the total theoretical deformations of the structure.
In Reference 27, the manner in which internal pressure influences
shearing deflections, and hov this 3ffect is combined with the beau
edge shearing stiffness, Is clearly defined. Utilizing this approach,
and assuming a constant shear strain on the beam cross-section, the
shear strain is

Yb V/(PA + GAc) (139)

This is Equation (15) in Reference 27, with Ac a kt.

In Reference 28, an approximate shear modulus is derived for
uncoated single-ply fabrics based on the state of biaxial stress. A com-
parison of this derivation with the coordinate system of the tent beams
reveals that ax in Reference 28 is the web stress Nw. The shear modulus
is, then

G -Nw - 2 Pcr. sin a (140)

Substituting this into Equation 139

Yb = V/Pc(Ae + 2 Ac rc sin ac) (141)

Hence, the usual shear rigidity, AG, is replaced by the corresponding
quantity in Equation 141 , dependent not only upon the physical character-
istics of the beam, but also on the internal pressure.

Fabric Modulus of Elasticity,

The modulus of elasticity which was used in this study is a linear
approximatibn to the warp stress-strain curve at a warp filling stress ratio
of 1:2. This is approximately the stress ratio which exists at inflation.
It was used to empirically correct the theory which follows, so should be
used in any future analyses.

Deflection curves, however, are a rc~ult of aerodynamic tests, sothe modulus of elasticity as used in strees calculations was not critical.
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The modulus of elasticity that was used for the model fabric was

E = 200 lb/in

as obtained from stress-strain data for this fabric.

Nonlinear Load-Deformation Relations

It is assumed that the state of strain in a fabric beam is

@= €NA + yK (142)

where K is the change in curvature caused by the bending moment. Assuming
Hooke's Law holds in the unwrinkled region, and a state of zero stress re-
suits in the wrinkled portion, the state of stress is (see Figure 138)

N 0 y c (143(a))

N 0 Eco - Ec¢N + Ey" y-c (143(b))

The axial load and bending moment are given by

PT =JN, dA (144(a))

M -JN¢ ydA (144(b))

A fabric beam cross section is pictured in Figure 139. Cross-
section properties are

Ac - 2rc[Tr + (n-1) ( 2ac + cos Ac)1 (145(a))

Ae a r' [P + 2(n-l)(ac + sin ac cos ac)] (145(b))

rc [Tr + 2 (n-l)(ac + sin ac cos ac + 3 cos ac)] (145(c))

XI I
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Prior to wrinkling, Equations 144 yield the usual relations.

- I - A )

rC1(2 NN ma x NNA)I (147())

At initial wrinkle, when c m r, NnMax = 2 NONA so that

m 1( tA - NONA)_ I t7

PTrc rc(NoNA Acrc) Actrc J
After wrinkliog begins, there are three explicit sets of relations

between the stresses and stress resultants, depending on how far wrinkling
has progressed through the cross section. When wrinkling has begun, but
has not reached the web, Equation 144 yields the following:

C
: ~~rc Cos Otc - c ! r r , el = Cos - .( )(1 8(

C) (148(a))

PT 2r.2 ( ax) in coo 01 [tan el - e1 +-2 a c + cooB C

+ co e, [it - 2ac - COS OCl,

S- 2r3 ( l •- _) tn[ ac + sina coo ar + co13 ac

-1_ (e1 - sin e1 cos e6)] 48(c))

+ a c-sina COBOL -1c ja'1
LC C C

691,
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kfter wrinkling progresses into the web:

- r Cos c c r cos ac, e = cos-I (-)
C C C 2 r

____ Tfr mx n [sin aC+ -E ac + + Cosa u)2] >C\ r c + c)c r C C

+ [(7 - aC 02) COS 02 - sir ac + sin 62 CL49(b))

+- ( +Cos a ) 2]4 r )

M 2 r¢ (N0-max n [ (a + sin a cos ac) + sin ac cos 02+1r ( + C) 2 -Ccs

+ (ý + cos3 aC) _ E CS a 2,

6 'r3  -4Or rC C

+ [7C Cos a - CE + COS3 c 49(c))4 c rR 6 -r04 (3)

C C

sin a Cos 62 - 1 sin a Cos a

2 C C

+ I sin 02 COS 02 +I ('T - aC 02)]1
2 2

And finally, after wrinkling has gone completely through the web:

r c r cos ct 03 - Cos -1 (a))Src(150(a))

2nr 2 (N Nmax )(sin 3 - 03 coS 03) (150(b))c r C+ c.

C
M - nr3 (!Lmax *)(03 sin 63 COS. 03) (150(c))

70



Figure 140 illustrates the physical significance of the narametpra df8 I nino
the extent of wrinkling. |1

DefininI

D 2 n coS 6, [tan 01 - e, + coo a + 2 a

+2 cos el 2a Co }(151 (a))

D2 -2n ac+ sin a coo a + Cos3 a (0, sin 81 cos 1)c 3 2 .

+ 2 - a - sin a cos a --- I cos3 a
2 c C 3

D3 2 n in( + a +- ( )+ cos a
C r~ c 4 (7 Cj

+ 2[11" - a - 62) COS 02 - sin ac 451(c))

sin 02 -I . + cos a, 2
4 r

[1c c c12 c 6 r3c

4 rc -2 c J12 a)] r 2 C

(151(d))

+ cos - sin c cos 62-- - sin a cos a c
c

+. 1sin 62 coS 62+-0 r - j2)
2 2 c

D5 - 2 n (sin 83"-- 63 Cos 83) (151(e))

DG - n (63 - sin 03 coO e3) (151(f))
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Equations 148 - 150 may be written more concisely as

rcos a ! crC CO < -< rC

p " r2 (max Di (152(a))T C • + c

M - P (max D2  (152(b))C rc + C)

C

M- r2 (N ýmax D3 (153(a))

c (r + cC

M - P3  N Oa D4(353(b))

( r + c)

C

-r( c c r cacs ac

-T r2 ('N Omax) D (154(a))

2 (r + c)

C

M r3 ( max D6
C
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The extent of wrinkling is controlled by the dimensionless ratio
%/rTe Equation 14/ letines this ratio for initial wrinkle in terms of
the pgysical characteristics of the beam. As M/PTr increases, the extent
of wrinkling increases. From equatinna 152 thrnng9 154 th is rat'io

rc Cos a C j rc

M_____ =_ (155PTrc D2

- tc ac c c rc cos c

M D4
M _ (156)
PTrc D33

-rc - Cos

M_ D6
PTrc D5  (157)
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Now the equation of stress in the wrinkled beam which was used in the
the integration of Equation 144 is:

N ma ýMx ýui (C -y) c , (158)
4 rc+C r +c r +c

Comparison of Equations 143 and 158 yields two expressions for Naf
+ +C

C

N4max~ EC4NA (159(a))r + c C

C

r + - EK (159(b))r+c

Substituting Equations 159 into Equations 152, 153, and 154

r cos a I c r

P C• rc (Dn/cos e1) (160(a))

M E r3 D2  (160(b))c

-r coo a I c I rcoso a
C C C C

PT ECONA rc D3 (r c/c) (161(a))

M- Ei r 3 D4  (161(b))
C
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.1i
-r r cos a

C C C

P E A r. - D5 /ces 6,) u1.2(a))
!T

M - - EK r3 D6  (162(b))

where c - r cos 01 was used in Equation 160 and c - - r cos 83 was usedl in Equation 162.

Equations 160 through 162 yield the nonlinear relations
between the moment and curvature and the axial load and strain at the
neutral axis in terms of M/PTr. The curves will be as shown in Figure 141.
By piece-wise linearization, tgiese equations may be written

P rC' EIK PTrc
= C1 + C2 (163(a))

P C3 + C4 M
T T c

where the constants, Ci, assume different values as M/PTrc varies. The
upper limit of M/PTrc is obtained from Equation 157 by letting

÷-~ - 1(03+)
r 30

limit A4 limit D6 = limit n( 6 3 - sin 83 coo 63)
83-0 PTrC 83-0 D5  83-,O 2n(sin 83 - e$ cos e3)

limit 1 - cog 2 83 + sin2 83 limit sin @3
e3-o 2 83 ain 83 e3+0 83 (164)

- limit cos 03 -

e3 .o 1

This limit is shown in Figure 141.
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II
With Equations 142 and 163 ,the relation between strain and

£* m (C 3 PTr + C4 M) + 7EI (CI M + C2 PTr) d65)

Transfer Matrix for Straight Beams
Consider the beam element shown in Figure 142.The neutral axis strain is

C1D_ Pb'dw - dx 166) '1

CNA FD dx

The strain at a distance y above the neutral axis is

A-B' - AB (Pb -y) dw - y yb + y (Yb + dyb) -dx

E: 0

AB dx

Pbdw- dx dhb - dpb

dx Y 'N A dx

To evaluate the radius of curvature and rotation in terms of displacements,
write

CC' + C'O' + CD + DD' + D'O'

}16$

ul + vj + Pben - dxl + (u + du)l + (v + dv)5 + Pbe'n

The normal unit vectors are

-n sin cdi + cos uj
}L69 C(a))

' -- sin (w + dwi)i + cos (C + dw)j
K ~n

or ~'n- -[sin wI cos dw + cos w sin dwj

+ [cos w cos dw - sin w sin d}]i
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For small deformations, con w- cos dw -" 1, min w - , and sin dw 4 dw,.
WiLh hnaume, Ce normA4 unit vectors are I

at (wd + dwx + (172(a))

Substituting Equation 170 into Equation 168

(u -Pbw).I + (v + Ph)• - (u + du + dx - Pbw- bd4)l-

+ (v + dv + Pb -bbw)i (171)

The scalar equations thus formed are,

0 - du + dx - bd (172(a))..

0 d dv - Pbdv (172(b))

eubstltuting E Subti tu2 ino Equation 173 ioto66 yields

du 03)17)cd ' dx

Substituting 0'bdw du + dx from Equation 172(&)into Equation172(b) yields

dv - (du + dx) - wdu + wdx ].

74)
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neglecting wENA" Substituting Equation 173 into Equation 167..
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Comparing Equations 165 and 175 , and substituting w =T y in
Equation 174b yields the following three differential equations gbverning

dx A Er (C3 PTrc + COM) (176(a))
C c

dx - E (CIM + C2 P rc) (176(b))

dv
dx ýb + Yb (176(c))

where

u is the longitudinal displacement,

v is the transverse displacement,

ýb is the rotation of a fiber originally perpendicular to the neutral
axis, and

b is the shear strain.

The equations of equilibrium for a straight beam element loaded by a
uniform load are

Si " PTi .77(a))

V - Vi - PextX &77(b))

MmMi - Via + Pextx2 (177(c))

where

it
P -P +ext ext + ext

positive as shown in Figure 8143.
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Substituting Equation 177 into Equation 176 (a)

du _ .L (C Pr + C1 ( 178)
dx A.Er. 3 T cC 4M 4 + C4 Pext

Integration yields

1 1 3
u - (C 3 PTirR + C4Mix_ C4 V x + extX179

crc 2

The constant of integration, a, is evaluated with the boundary condition,
u(o) = ui. Hence,

1 2 2 3
uI+ Er(Cx Mi- C3rcx PTi- C4X Vi+-C1 x 3 Pt)

C c 6

Substituting Equation 177 into Equation 176(b),

dx WE (Cimi C1 V x + IC1 P X2 + 2 (iir 1)

Integrating,

2 1 3

=- (C x _1 Vix + C1 Pe x + C2 P 1 rx) + a (182)K b -ErIt(21MixiC

The conatant of integration, a, is evaluated with the boundary condition,

(0) Hence,

C•X Vi + 1 3

b b -_ (CIX ci + C2 rex PTJ 2 6 CII Pext) (183)

Substituting Equation 177 into Equation 176(6) and with Yb " V/AcG,

dx = •Ii " •Y (C 1Mx + C2 rPTiX " V C1VX 2 + - P 3ext)3 )

(vI - PextX) (184)

~~I
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lI

U ,, --- 1 ni Tr M- + !. ,-p., 2 -. C V X3 + C. C P x4)
'bi L "2 1 1 2 2-C Q b 1 I A ext

+ ~-L (V x - ' . X P,, 2 ) + (15

The constant of integration, a, is evaluated from the boundary condition,
V(O) - Vie Hence

1 2 3 1 4
S+x Mi + C r x2 P x V + _ C xP

vi 2 1 2 2• C Ti• 6 1 i 24 1• ext

+ ~ (x V ~X 2p ) (186)+ A G i - 2 ext

To yield a zero displacement condition when the beam segment in
subjected only to internal pressurization (PT - P ), substitute P. ", T" Po

for P in Equations 177 thru 186. P is the axial load resulting from external

loading. With this substitution, then, Equations 177 thru 186 yield the
following extended transfer matrix equption.

V ri o 2E- 6EI Ac1- 2 
4
EI ' 2 AP

C4x C3 x C4 x
2  C4x 3 P

A1 AcErcI A0E 6 AEr

C1 x rcx C1 X C x 3 P
12 r-- I- -Z-

b El E1 2E1 6EI ibi

x 2 P87 (a))X2P
ext

M 0 0 0 1 0 -x 2 Mi

PAP0 0 0 0 1 0. 0 P Ai

V 0 0 0 0 0 1 o x
ext

00 0 0 01

-i



In shorthand notation, this is written

(A} - [F] {z}i (187(b))

Transfer Matrix for Circular Beams

Consider the beam element in Figure 144.

The middle surface strain is given by

C'D'- ~ CD b(do dw) -r do 0 b• 18C'D'-C CD b

____(P__r_ b do (18)S C D rdO r

The strain at a distance y from the middle surface is

E'F'- E F (Pb + y)(dO - dw) + y(yb+ dyb)-y(yb)-(r + y) do

E F (r + y) dl

1 - r 1 d *b
r + y(Pb r-Pb TO " "" (re...Y dy (189(b) )

with Equation 188. Now

r + y r + ( r (190)
r

for y < r. Introducing Equation 190 into Equationl89(b)

dF 23L (If

: - ~ ~lZ- +- + (+91(a)): NA r r7do r r r

=ý 2 db
Y•, : -Z + -':') + 7+ )b + "-- (g~)

ONA r ONA do r (NA do
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r < < 1, then

4€ *NA r oNA + d (192)

To determine the strain-displacement relations, write

OC + CC'+ C'O' - OD + DD' + D'O' (193(a))

rr + ver + ue^ - pbn =- ra' + (v + dv) r' + (u + du) P' b nr ' br € -' Pbe (193(b))

The unit vectors are, in terms of V' and V'

r

e r ocos do ^, --sin do ;' o(19 4(a))

ý ,, cos d 9.' .+ sin do t'0r (194(b))

Sn co o ( w + do) ;' - sin (w + d¢) b'n r si (9 4 (c))
e- (cos " COB de - sin w sin d4) , r-(sin w cos do + cos w sin do)ý'(194(d))

en cog (w + dw) ' r - sin (w + dw)a' (194(e))

n (cos w coo dw - sin w sin dw)ar - (sin w cos dw + cos Gj sin dw)ý'(1 9 4 (f))nr

For small deformations, cos w - cos dw 1 cos do ; 1, sin w - w, sin dw - dw,and sin do A do. With these substitutions, Equations 194are written

r r o (195(a))

- o + do ^6 r (195(b))

G (I wd-d) %' - ( + do) & (195(c))n r

n (I - dw) ' - (W + dw) '(195(d))

82



Subatituting Equations 195 into Equation 193(b).

r r - vuW rU" uoA

- Pb (I - wdo) A'r + pb (w + d&) a',=

(L96(a))
re- + (v + dv) •' + (u + du) G'

r r

Ap

- 0b (1 - •~dw) er + Pb (c• + dw) •',

(udo + pbOd e 'r + (- do -vdo + Pbdo) e

}496(b))
(dv + pbwdw) e'r + (du + Pbdw) eý'

The scalar equations thus formed are

udO + Pb wdo - dv - pb wdw = 0 (197(a))

-- - vdo + Pbdo - du - Pbw 0 (197(b)

From Equation 1 97(a),

dv u
dt Pbw Pb d- (198(a))

dud- + v =P~b -P dw
r Pr - (198(b))

Rearranging Equation 198(b),

pb pb - r (1 + F.,A (199)
b b do ýNA

Substituting Equation 199 into Equation 1 98(a)

dv'
d-I - u - i.(1+ coNA) (200
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I

Neglecting the product ,'N in Equation 200,

dv (201)

Substituting Equation 199 into Equation 198(b),

+ v - rE (202)

dO 0NA

Substituting Equation 202 itto Equation 192,

1 (du +l 1)-y d )+4 23* r W r

Comparison of Equations 165 and 203 yields

du
A rEr (C3PTrc + C4 M) (204)

C C

S(du + dv+ Pb r(C1 M + Q2 P r) (205)

Substitutiwg for (d + v) from Equation 204 into Equation 205 yields

C1r C4 C, rr C3

d - ' Iz- + - r)c M El ( - -s+ -A E P T (206)

Substituting w• b + Yb into Equation 201yields

d rv - +r y - rp + r- V (207)
dý b b b c

Solution of Equation206 and substitution of the solution into Equation207
yields an equation which with Equation 204 forms the system of equations
governing the displacement of the circular beam.
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I

The equations of equilibriun for the circular beam segent ahown
in 'ia,,ra 14_; _--- 

I

P - P cost - V sin¢ + P r (1 - cost) (208(a))
T Ti i ext

V -P sine + V cost - P r sin 0 (208(b))
Ti i ext

M - -P r (I - co.*) - V r sine + P r 2 (l -cost) (208(c))
i Ti i ext

where
r r

P 1 c) + C+ •.C)
ext ext r ext r

positive as shown in Figure 145,

Substituting Equation 208 into Equation 206,

..... b. _d - 4 Pr (1 - cost) - Vyr sin 0+ P r2(1-cos¢)j'
E + WAEr i - Tiext

C2 rrc C3

- C - + , Cost -V Gino ,+P- cost (209)
El AE LTi i ext ~ I 29

Integrating,

C1 r C4

b E= -- + A- )'ýt- PTtr 0- sine) + Vir cost + Pext

C rr Cc3s

C- - +C i + P r (0- sin 4, + a (210)

RI A E J'T i ' V ot x

The constant of integration, a, is evaluated from the boundary condition,

(0(O) -. . Hence
b bi*

C1 r C4

SIMi" PTIr (0 - sine) - Vir (1-cost)

-' Crr C
+ r 2 ( 0_Sint) ( ~ ~ id- ( o~

ext EI211)~
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Substitution of Equations-208 and21 into Equation 207 yields

d-• - u r %1 '• +A /Mio -Pir (*-sino) - Vir cI- oso)

C r C

c

-V ( - cos + P r (0 - sin)i + r P sin

±ext AG T+ V i Cos P - ext r sin O•(212(a))

Substitution of Equation 208 into Equation 204 yields

C r

du +V 3•d-• A E Ti osý - Vi AO-n + Pexr 0I cosO)

C r

S+ i{ - PriRc (1 - cosO) - Vir sin4+Pexr 2 (l- cos '(212(b))

Equations 212 are solved by Laplace transform with the initial (or boundary
in this case) conditions that u (o) - u and v(o) - vi. Equations 212 are
first rearranged to give

dv _ u - a + b + c sin(b + d cos • (213(a))

(213(a))d--uu + v - e + f sino + g cos (213(b))
dO

where

a = r ý bi + S r VI + T Vi (214(a))

b - S Mi + S r PTi - S r 2P - T r P (214(b))j iext ext r 2p

- Ti + Ar GPTi_- T PTi +Sr 2P ext+TrP - ext (214(c))
T AcG Ti Ti ex x G

r (214(d))
d= S r ViTV +-- V~

c

e -- S'r P + T'r P + S'r 2P + SIM (214(e))
Ti ext ext i

86



f - S'r V - T' V (214(_f)

a - S'PTi + T'PTi "'r2Pex - T'r P ext (214(g))

Cr
SI -E-r- (214(h))

IC r
T w (214(1))ACE

S - S, + --- (214(J))

C r 2 r
T V + 2 C (214(k))

EI

Denoting L(u) - U and L(v) - V, transformation of Equation 213 yields

a b C ds
sV-v -U- + -+- + + 2

a se + f2

- + - e ~ (215)OU-u + V +

This is written

The '+i (216)

The solution is

v +I + b + C + d

+ }(217)

+ f + s + uis + sT2 k
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Multiplication and inverse transformation yields

v =(a + u.) sin$ + v, cosý + (b + e)(1 - cos) + 1 f(sino - cosO)
1 A 2

1(218(a))
+- 1 (c + 00~ sinM + I~ d (siný + 0 cosO)2 2

U = - vi) sino + u cos - a (I - coso) - b (4 - sinc)

- 1 C jI. 1 ~(218(b))

- c (sin 0- cos) + 2 (f - d) ý sin + •g (sino + • cost) J
222

Substituting Equation 214into Equation 218, and after some manipulation,

Cjr
2

Sv -vi cos + ui sin, + r Jbi sin E1 (l-cos) Mi

L C~r1 1 r C2r2r
+- (1-cos-r in) + 1 - sin P

(Cr2 (219)r2( r +C r)(sino - 0 coso) + r-- (sino + 0 coso vi-
[ýEl 1 2 2ACG

- (C r + C r)(1 - coso - 1 sin,) + 2-- sin P
LI 1 2 2 2A G 01if~ ext

VCir 2  Ct~rU - v i sino + ui cos, - r *bi (1- cosO)+ +hA- -+ A
uri--- s in M + u Co3 i3m- - A E

iE• 1  -(- s in, - •- * cos•)
El I El 2 2

+(r r .r__ ) 1 lsn C3 r
E- s iQ 2- 4 coso) + 4- sin • (220)
El ACG 2 2 AE

C~r2  2B +V~C+r 1
+ - (sin - ' T+i El r + C r sino - 1 + cos4)

r (C3 r + C4 r)(1 - coso) sin VAcErc C .2AcG n
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Fr3 I 3
LEI'' %Y 2 w 2 bla09+L - - -

020)

+ Er__ (C'3rc+C ir) (I -sin$)+ --_ ( sin 0) ct
+icEr c A(G 2 A c - 08o Pex

To yield a zero displacement condition when the beam segment is
subjected only to internal pressurization (PT N P0), substitute PA PT -Po

for PT in Equations 208 thru 2 20. N is the axial load resulting from external
loading. With this substitution, then, Equations 208 thru 220 yield the
following extended transfer matrix equation.

* coso sino r sino F F F F
14 16 17

-sin4 coso -r(I-coso) F2 4  F25 F 26 F27 ui

oI F6 F7 b
ýb 0 0 1 F34 F35 36 37 bi

M 0 0 0 1 -r(l-cosjý-rsin4 P extr(-cosO) m 1 (221(a))

P 0 0 0 0 cos --sin Pe r(l-cos) PA x Ai

V 0 0 0 0 sin 0 coso -P r sinO Vext i

1 0 0 0 0 0 0 1 1

In shorthand notation, this is written

{z) - [F] {z}i (221(b))

where 2
Clr

F 1 4 = El - cosO) (222(a))

Clr 3  r C2r 2 r
F n - (1- . ao sinO)+ 2 - El + sino (222(b))

89

I I I I I II l-I



F - (C r + C r) (sin% - * cos•) + --- r (sinp + • cos€) (222(c))
lb I z ZAcG

P r 3  P 2
F -OeL-- (C r + C r) (1 - coso siný) + -eAt 8 sin (222(d))

7 El 1 2 (22A2c(G

C~r 2  C4 r C1 r 2

F -- -- sin (222(e))
24 El A 0Er, El

C1r
3  3 1 C~r 2 r r 1 1

"Cos25 E AcG •sn€ •€cs0

C3 r C r 3  (222(f))
s - in + - - (siný -•

AcE A.ErC

F m. (C r + Cr)( sin-1 + cOs) r (Cr+ C r) (1- cos4)
26 El 1 2 2 A Er 3 C .

C C(222(g))

r
rA--G u sin

1r3  
P r2

F - (C r+ C r )(0+ Cos -2sin) + e.L._t (C r+C r)(0 -sinO).27 El 1 2 c 2 A Er 3c 4C c (222(h))

ex 1+ (-G s in oO

Cjr C4
F - - + -- (222(i))

34 El A L r
C C

Cr c 4  C2rrc C3
+ r Csin) sin (222(j))

35 El AE AC

C r C4  c rr C3
1-r cos) + - + - (1 - cos4) (222(k))

36 E + r ( El AcE
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(¢r C4 C {rrc CF = - P .-. + r 2 ( sin P - _- + 3 r - sin.)J 1222(1M)

Empirical Corrections

From the beam tests described in CELLULAR BEAM TESTS come two em-
pirical corrections to the theoretical development just concluded. Theyconsist of X, which must be multiplied with the geometric moment of inertia
to give an effective moment of inertia to be used in the expression for the
flexural rigidity, and the ratio of M/PTr at initial wrinkle, to be used
in place of the theoretical value previously derived. These corrections
are functions of the beam size and curvature, w/d , and the internal pres- 4
sure, P . They are shown in Figure 130.

C .

Stress Analysis

Application of the foregoing developments to the analysis of tents
subject to wind loads is covered in three parts: Unguyed Tents, Guyed
Tents, and Nonlinear Solution. The purpose of developing the analysis in
this manner is to first develop the equations and logic necessary for their
solution for the most straightforward case, and to then introduce special
capplexities which are not always present. The boundary conditions for all
tents will be taken as zero displacements (not rotation) and zero bending
moment at the ground support, which are the boundary conditions for a
hinged end.

It is convenient here to introduce the notation necessary for

anaksis of complex structures. Locate a Cartesian coordinate system,
x, y, arbitrarily with respect to the system to be analyzed. Number the
elements consecutively, beginning with (1). Place an element of infini-
tesimal dimensions between each beam element, numbered as shown in Figure
146. This infinitesimal element will be called a point, and it will
possess no elastic properties. Denote the angle between the vertical and
the uormal to the center line of element (i) at point i-l. as a() positive

_i-1

in the counterclockwise sense. Point i will be located by xi, and y,, so
that the coordinates of the ends of element (i) will be Y 1- and
xi' Yi. i-i

Now the state vector at point i associated with element (i) is {z}(i)
and the one at point i associated with element (i + 1) is (i+l). Withi

this nomenclature, Equations 187 and 221 are vritten i

(i) M M {z(i)
{z~ )- { Z}i. (223

where VF] is the transfer matrix for the i-th element.
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Unpuiyed Tents

xhe analysls or unguyea tents composed only or curved elements is
accomplished with Equation 221. Consider the tent shown in Figure 147. In
_eneral, the wind load will be as shown by the continuous line. The tent
will be broken into N elements, each assumed to have a constant load and
radius. The radius for each element may be determined through the con-
dition that the element for analysis must pass through the end points and
another point (usually chosen near the center) as shown in Figure 148.
Temporarily denote the i-th element by the curved line segment ABC.
The points A, B, C, and D are located by Cartesian coordinates XfA, YA' XB'

YB9 xC-0 Yc and x, yD respectively. The point D is the center of

curvature of the analytical beam element. From Figure 148,

r sin 8A "A - 3FD (224(a))

r cos eA - YA -YD (224(b))

r sin e -c -X (224(c))

r cos ec - YD (224(d))

2 )2 2
-x D ) - y r 2(224(e))

a system of five equations in the five unknowns, r, , 0 and
Solution of Equation 224 results in A C D D

yX 3 /1 (225(a))

- C/A (225(b))

S(xA- )2 (225(c"))I)2
A CA
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o - tan - L (x - E/A)/(y - TIA) 1 (225(d))
A A A

.- tan -( -C /)/(@c - (225(e))
ec tanA)]

where

X 2[X, A Y Y BY j (226 (a))
AC 7B) + 3 C CBA

B- ( ~ 7B)+(B + A + "Cy -~ (2 26 (b))

C -A A' +C 2(~-9+ - + (y _ )(A B)2c)

B C e2()

The amount of work involved in calculating the quantities in Equation 225 is
obviously prohibitive for an individual if there are many elements to be
calculated, even though symmetry may reduce the number of elements in half.
These equations are easily programmed for solution on a digital computer,
however, with the Y and y coordinates for es qhpoint as the input. For
use in the transfer matrix l) oc- OAf or 4)9I~~) ~ i h

notation adopted for analysis (see Figure 149),

Once these quantities have been computed for each element, it is
necessary to relate the forces and displacements at one end of an element
to those at the corresponding end of the bordering element. These quantities
will not be the same unless 81(iW. e (IU + 1) (see Figure 149). The relation-

ship between the corresponding state vectors of elements MI and(i + 1) are

most easily visualized by examination of the point between the two. From
Figure 150, the state vectors are related by

Ci + 1) Wi
v Cos Ao1  sin ie 0 0 0 0 0 v

u sin AO Cos Ae 0 0 0 0 0 u
i i

ýb0 0 1 0 0 0 0 ý

M 0 0 0 1 0 0 0 M (227)

P00 0 0 cos A8 sinAO 0 p
A A

V 0 0 0 0 sinAOi -cosA0, 0 V

i1

I 'i 0 0 0 0 0 0 1 1 1

93



where

w= Qi~i + ) - ei(1) (228)

Equation 227 is written

{z) i [ + 1 •]i {zi(i) (229)

where [P] is the extended point matrix of point i, {Z) (i + I)is the ex-
tede at pWn soitdwt z " 'i h xtended state vector at point i associated with element (i + 1), and {z)

is the extended state vector at point i associated with element (i).

Synthesis of the transfer and point matrices is accomplished by
multiplication. For example, consider the beam shown in Figure 151. It has
fivelements, 1 P1is hinged at both ends. The state vectors at the ends,

{z}i and {z}5 are given by

{Z} ) {0 0 0 P V 1) (230(n))
0 A 0

{z})5() {O 0 'b 0 P V (5) (230(b))
A 5

The set of equations describing the beam in Figure 151 is

( F '(5) [P] [F](4) [p][F](3) [ ]2 (2) [Pj[F](1) {z}(1) (231)
5 4o

which is six equations in the six unknown boundary state vector elements.

There is another method of specifying element dimensions which will
eliminate the need for the point matrices, F] i. Its use, however, requires

a careful and judicious choice of elements to obtain good representation of
the true beam. Instead of requiring the analytical element to pass through
three points on the true element, require the analytical element to pass
through the end points of the true element, and to match the terminal slope
of the preceding analytical element. From Figure 152, with the quantities
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0C

I I
AI A A and x C y known

r sin e, -x
A A ( 232(a))

r cos a y 
(23(b)A A D (2A(b))

ri 0~ 7C- (232(c))

r aog C Yc - (232(d))

which are four equations in the four unknowns, r, ac, VD, and -Dy Solutionof Equations 232 yields

xD xA -Dsin 8A/ (2 33(a))

c A (233(b))

r- 
(233(c))

-xC xA + D sin 0a/eCtrn - (233(d))

where

Cx + + - +y) 2  
(234(a))

A C (A C

E-2 L( x -xc) sin 0A+ (y "Y) cos A (234(b))[(A +CA C) A]
By using Equation 233 to specify eleaent geometry, Equation 231 may bewritten without the point matrices as

} " rF](s) LF (4) 3() [Ft(2) [-(l) 1(1) (235

0
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Also, the two methods can be used in combination to yield good beam repre-
sentation with fewer point matrices. Of course, for circular tents, there
is no need for the point matrices.

wih cur-ved and straight ...... Assume for
clarity that no point matrices are required. Since there is no difference
in the point matrix between curved and straight elements, nothing will be
lost from their exclusion. It will be necessary to distinguish between

state vectors and transfer matrices for curved and straight elements. To
that end, denote the state vectors and transfer matrices for the straight

Ss C'
elements by It and LF], and for the curved elements by {z) and [F].
Now the solution of the tent in Figure 153 is given simply by

S(5) . (5) [s ( 4 ) C]( 3 )C( 2 )c(l){ (236
{z}) F F] [F] [F] [F] z) (236)

where z}5) and are given by Equation 187.
5 5

Denote in Equation 236,

[ s] s c 3 (2 (

[dl " [F (5) [F] [F] 3) E(2)c F] (237)

This also represents Equations 231 and 2356 Applying the boundary conditions,

v0 U 13  U 15  U 16  U 1

U2 3  U2 5  U26  P (J2 7  (238)

M 0 v U U 4
5 U45 46 o

The unknowns, ,p(1) p(i) adV i
"o uo and V I, can be found after inversion of the

3 x 3 coefficient matrix. The other state vectors are then found from

- [F](1) z ) (239(a))

(2) (F ) (2) ')
"(z2 (239(b))

etc.
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Guyed Tents

in many cases, tents are guyed to increase stability in high winds,
Guy wires are attached to the tents through patches, usually spaced so that
deformation acrnaa the tent. i nezrly un.forw, alung the line ot guy attach-
menit.

The guy line tension T , is another redundant and is introduced into
an enlarged extended state vector as an eighth element. The assumptions
governing deformation of guyed tents are: guy lines are inextensible and
accept only tensile loads; and deflection of the tent at the point of guy
line attachment is perpendicular to the guy line if the guy line is loaded. P

Figure 154 illustrates the physical significance of these assumptions. With
these assumptions, the limiting state vector at point j + I associated with
element (J) is (see Figure 155)

{Z -v -v tanA M P V 1)
j + j+j 1b A j+1 (240)

where

*(J) - (j) - a

i-I-i (j+ (241)A8j + 1 J + I J + I(2I

A special enlarged extended field matrix is also necessary at this
point. It is, for element (j) (see Figure 156),

(j)

0

0

- r cosA6

•*a (J) -- (.-)cosAe* (242)

sinAOj

LO 0 0 0 0 0 0
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where [F] J is the usual field matrix for element (j). Enlarged field
matrices for elements to which there are no guy lines attached, or leeward
elemenus with guy ilnes, as shown here.

(i)
0

0

o
IF]) 0 (243)

0

o

0

0 0 0 0 0 0 0 [ 1

Consider the circular tent shown in Figure 15744 The boundary con-
ditions at the ends are applied through

{ ~ ~ ~ (4 [f L~ ~~[J3 ~(2) [-j ( 1 w) (24

Here the superscript on the state vector has been dropped because for
circular beams, or whenever point matrices are unnecessary, the superscript
is redundant. The other boundary condition for this tent comes from

-2 . [• (2 ) [pJ(1) {zl (245)
2 0

As in Equation 237, denote

[U] (5)IF- (4 [F7 (3) ~'(2) ](1)

[ (2[) (2)

From Equation 244,
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v) F , 
1 I T

VIU 16 (247)

T•

From Equation 245,

v - U 1 + U P + U V + U T + U (248(a)2 j.3 b o 1 5 A c 1 6 0 1 8 1

v tanAe U + U P + U V + U T + U (248(b))

23 25 2 Ao 26 0 28 27

A sub.3cript on T is unnecessary. Multiplying the first of Equations
by tanliOW and adding the two givesV(U* tane*~ ;(u•ho' 4U* > A ( ~

(U aA*+ • ) + (U* tanAO* + )* + (U* tanAe + U *)V
].3 23 bo 15 25 PAo 16 26 o

(249)
+ (U*8 tanAB* + U* ) T* + (U* rahAB* + U* )-0

1828 17 27

.hU combinoa with Equation 247 to give

13 15 16 i8 17
UU U U PA - U

23 25 26 28 A 27

U U U U V -U (250)43 45 46 48 147

U * anA6 U tanAO U tanae U tanAe -U eanAa
13 15 16 18 T - 17+• +UU +U +U -U

23 25 26 28 27

i 
*

Solutioun of the tvnknowns, bo P o V., and T is accomplished through
bo Ao o

inversion of the 4 × 4 coefficient matrix. The other state vectors are
then found from

.- ]() (251(a))

A, 2
etc. 0



To illustrate the solution of a tent with guy lines at two heights,
consider Figure 157(b). For two guy line., twice enlarged extended field

zli -(v u 'b M PA V 1 T T+} (252)

The field matrix for element (1) is

0 0

0 0

0 0

-r cosA8 0

0 0

0 0 0 0 0 0 0 1 0

0 0 0 0 0 0 01 0 1

The field matrix for element (2) is

I0 0 -(2)

0 0

0 0

[j(
2 ) - (1) 0 - r cos A (5'IF-' (254)

0 Cos Ao"

0 - sinAet

0 0

U0 0 000 00 1 0

0 0 0 0 0 0 0 1 0 1
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where

+ (2) e -e. (255)
2 2

as shown in Figure 157(b).The other field matrices are given by

(Q)
o 0

0o 0

tO 0

F] [ F] 0 0 (256)

I 0

'0 0

0 0

0 0 0 0 0 0 1 0

0 0 0 0 0 0 0 0 1

A procedure similar to that for a single guy line leads to

U U U U U U
13 15 16 18 19 L 17
23 U U U U P 27

U U U U V U

13 45 46 1 8 49 47U j13 tanA, U 15 t26 ta2 U1 8 2 U 9i tan2D 17 tanAe (257)

T A+U+U+ U + U + U

13 15 16 18 19 T 17

23 25 26 28 29 27
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Again, the unknowns can be found after inversion of the coefficient matrix,
and the other state vectors are then found by

Si o • . . ..))
1 0

[,j() ,* (Z)(} (258(b))2 o

etc.

Nonlinear Solution

It is not recommended that tents be designed to operate in the post
wrinkling range, even for extreme operating conditions, because the deflec-
tions incurred after wrinkling begins are excessive. An iterative technique
is included in this report, however, to illustrate how the effects of wrin-
kling could be determined on unguyed tents.

Partition an element transfer matrix so that, for unguyed tents,

ilA B 12 W ,l(),

{X) i + 4i -X, 4( 4 4 4[]259)
p , i 1 0--- 1 .. .

where the matrices, A, B, and C, are defined by Equation 187 for straight
elements and by Equation 221for circular elements. The state vectors are
partitioned as follows.

"al

z6 V

Ai
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Referencina Figure 158.

0 (261(a))

where

cost i rin

" "] ca4- r(1 - 'a) (261(b))

I 2 13 1'4

[21 22 23 T24 ( 2 6 1(c))

31 32 33 34

cost) r sine
0 oCos - s int18 1 24 (261(d))

0 sin 0 cos 0 C
34

0 0 0 1
The boundary conditions are

V -Z -0V -z
100 N0 V Z IN 0

U0 -z 2-oU Z (262)
N 2, N

Mo -z 4 1o "0 
22z 0

N 4, N

From Equation 261,

} =(263)
0
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Applying the zero moment boundary conditions.

0 - - r (1 - costfl z - r sinO z + T4 (264(a))
5,0 GO 14

Since (1 - cos4)) # 0 for 0 < D < 3600, write

Z ( 1'-E - sin z4 )5,0 1 - co D ¢ r 11+ 6,0 26/(M)

{ul - [ZJ ttf + ["B] p1 (265((a))

Iii e:p)anded form, this is (with Equation 261),

(0) -sin cos4) -r(I-cos.) I + IT1 1 1 (265(b))

I1 31 32 33 34

The first two equations yield, after some manipulation,

L2 - F sincM/(l - cosD)j z + I + /r(l cosý)

Z - "2- - . (266(a))

3,0 r (I - cosp)

r sin 4 z + B +'- /r (1 -cost,)
3 o 14 12 14z 6 -.. .(016(b))

o13 - B12 stin, /(1 - cosD)

Tfhe iterative procedure is:

1) Extract C from14 n=I (•

n=7N Lt (267)
n - N

2) Assutme z - - D
6,0
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3) calculate z from Equation 264(b).

5504) Calculato 7 z5 d I -o,4 1 2.5 1 6 1 •

P [c]•1) {P1 o (268)

5) Calculate

(M/Py r c)o z /r (P + z o (269(a))
Tc0  O C 0 5,0

(M/Prd) -z /r (P + z ) (269(b))1 4,1 C 0 5,1

6) Calculate

Man [(M/FT rc ) + (M/PTr ) ]/2 I (270)

7) With the proper value of (M/P r ) from Figure 130 chooseT C wr.
the constant, Ci, from the following:

a) 0 L_ avM :(M/PTrc)wr

C - - lO0, C - C, C a 1.00, C - 0
1 2 3 4

b) (M/PTrc)wr < Mark - (M/PTr)c + . 1

C - 1.70, C - 0.42, C - 1.48, C - 0.801 2 3 4,

c) (M/P Trc)wr + .< Mavg s. (M/PTrc)wr + .2

C - -4.62, C 2 2.46, C 3 3.86, C 4 - 4.20

d) (M/PTrc)wr + .2 < Ma £ (M/PTrc)wr + .3

C -- 18.46, C - 13.54, C , 19.70, C -- 24.00
1 4

e) (M/P Trc)wr + .3 . Mavg

C -- 274.83, C - 244.29, C = 340.10, C 1 -380.00
l 2 3

8) With the proper set of constants, form the first field matrix,
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9) Repeat steps 4) through 3), inc rement ng t hf suh,;c r pt and

superscripts by one cach time, until th, iaat field matrix,

[F] (N), ii formed.

10) Calculate

[] n =1 (n)
- • F](271)

n=N

11) Extract rB] from

w (272)

12) Calculate z from Equation 266(a).
3,o

13) Calculate z from Equation 266(b).
6o

14) Compare the values of z from steps 2) and 13).

6,o

15) If the values of z are not in reasonable agreement, repeat

steps 3) through 14) using the value of z 6 o from step 13),

stopping when good agreement between these two values is reached.

Results

The double-wall tent was analyzed for stresses as an arch structure
comprised of a series of connecting beam elements of arbitrary lengths
chosen to fit the load pattern and also to provide a smooth pattern of
discrete valves of internal forces, meridional moment, meridional force, and
radial shear. Analysis utilized the theorem of least work and was pro-
grammed on the Hayes IBM 1620 computer. The tent was first analyzed with
no buckled section. When analysis indicated that a buckled section existed,
a new flexibility coefficient was inserted at the buckled section and
computer analysis was continued. The new flexibility coefficient allows a
near-pinned condition at that point.

Results were then printed out in keeping with the following re-
lations:

Meridional stress zesultant,

Mr P

c (273)

c
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Hoop stress resultant,

h c ext c (274)

Web stress resultant, from equilibrium of the skin-web junction,

Nw - Nh (2 sin ad

-(P -P 2 r sina

w C ext)

Three arbitrary tent sizes were used as analytical models to
determine stresses. They are identified as:

Tent #1 - h/d = .5, d - 238 inches
Tent #2 - h/d - .75, d - 194 inches
Tent #3 - h - 163 inches, d - 266 inches; this tent has flat sides

90 from vertical

Pressure coefficients were taken from wind tunnel data aad conver-
ted into a two-dimensional pressure distribution around the tents for
q - .6, 3, and 6 inches of water (gage). It was assumed that the wind load
did not vary along the length of the tent, and average values of the pres-
sures along the tent length were used in the analysis. Shear, moment and
meridional forces were obtained for each loading. When the meridional com-
pression force exceeded the tension force due to inflation pressure pc, the
tent was assumed unstable.

For all stable conditions, the maximum fabric stress resultants were
computed and graphed vs. q in inches of water (gage). Fabric web and hoop
stress resultants calculated and graphed as a function of cell radius, in-
ternal pressure, and cell angle, ac.

C

In addition, using the latest pressure distribution data and the
results of the beam tests, values of internal pressures which prevent
wrinkling for various wind velocities and tent configurations were computed
through an iterative process on the Hayes IBM 360 computer. Beam scgments
of 50 were used to assure accurate representation of the pressure distri-
bution. Results are presented as design curves, Figures 159through 17, for
guyed and unguyed tents.

Design Curve Summary and Application

The design curves for double-wall tents with flat ends are presented
as Figures 159 through 170. The necessary internal pressure to safely with-
stand various wind velocities were calculated and graphed for a full range
of tent parameters. The meridional stress resultantq were computed and
plotted versus the dynamic pressure. The fabric web and hoop stresses were
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plotted as a function of cell radius, internal pressure, and cell angle.

Th Pptiian miirvp• nrP nrilat1Hd In thaC deiP~n of double wall tents

(both guyed and unguyed) as follows:

1) From the design requirements, determine the tent size and

shape and the dynamic pressure design value.

2) Determine cell width to tent diameter ratio; w/d - 0.123
was found to be the best of the models tested in the wind

tunnel from a stability and weight standpoint.

3) Enter Figure 159 with h/d and w/d and find the basic
pressure coefficient, Pe/q. Find the correction factors,

Cq and CW, for the design values of q and W/Zh. The

required cell pressure is given by

P - (P /q) C C q
c c q W

P should never be under 7 ii, w.g.

4) Enter Figure 160 to obtain web stress in pounds per inch.

5) Enter Figure 161 to obtain hoop stress in pounds per inch.

6) Find the meridional stress in pounds per inch from Figures 162
through 170.
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SECTION 5

SELECTION IA6aiu nAiAL• j

The increasing use of fabrics for engineering materials in air-sup-
ported structures where weight, durability, and reliability are important
has emphasized the need for, first, the careful selection of fabrics for
mechanical strength, and second, the selection of coatings for seam strength,
cold weather flexibility, and increased durability. In addition, good
quality control is essential to insure uniformity of product. The struc-
tural'data presented in this design manual show that each structure and its
intended use presents special and unique engineering problems. The full
potential cf lightness in weight, durability, and reliability of a structure
can only be realized by engineering a fabric to match the exacting mechan-
ical and environmental conditions of use specified for the tent.

The selection of a fabric meeting the exacting end use conditions
for a tent must be based on a critical evaluation of all fiber and fabric
properties. A comprehensive review of even the most essential fabric
characteriitics is beyond the scope of this manual. The information
relative to fabric properties can best be obtained from fiber and fabric
manufacturers, military specifications,and from literature (11, 12, 13, 14).
However, fabric engineering can be only as effective as the extent that
information relative to the desired characteristics of a fabric is known.
Since this manual provides the necessary information to determine the
strength of fabric required for a given structure, the stress/strain be-
havior of fibers and fabrics is considered pertinent and is included for
ready reference. The relationship between tensile streng and weight of
fabrics is also given. The strength-weight relationship is necessary to
establish the weight of fabric required for the tent, and to estimate the
weight of the final structure. Two other fabric properties which can
restrict the selection of coated fabrics for air-supported tents are
mentioned briefly because of their interest to the Military and the satellit
and communications industry. The two fabric properties are low temperature
flexibility and dielectric constant.

Fiber Type

The Army and Air Force have to date found nylon and polyester fibers
more satisfactory for air-supported tent fabrics than fiberglas, acrylic,
modacrylic and cellulose type fabrics. Both fibers have a high strength to
weight ratio. The two fibers can be used to produce thin, flat fabrics of
high strength. Thin, relatively flat fabrics are essential for light weight
coated fabric, since the thickness of fabric controls the amount and there-
fore the weight of coating compound required to fill the interstices and
protect the fabrics. Nylon and polyester fibers are still considered the
more acceptable fibers to use for air-supported tents. However, fiber
producers are continually improving their fibers, and the three other fiber
types which show promise for future use are included. The additional fibers
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are glass fiber, acrylic, and polypropylene. Of these, glass fiber is not
new. It is a high strength, low elongation fiber. It has better weather-
ing and chemical resistance properties than either nylon or polyester. It
haa bnz uned at& a radome iabrlc, out was round to crack on sharp creases
which occurred in the fabric as a result of folding, the tent for storage,
Glass fiber technology has improved, and modorn v1Rqe f-brice show an im-
proved resistance to cracking in folds. Acrylic fibers are included be-
cause of their better weathering resistance and radio frequency trans-
mission characteristics when compared to nylon and polyester. The potential
field of applications for acrylic fibers is in the realm of extremely low
porosity, uncoated fabrics for single-wall air-supported tents. High
tenacity polypropylene is included because of its high resistance to ab-
rauion and good mechanical properties. For a plain weave polypropylene
fabric, the strength-to-weight ratiu was found to be higher than that of
nylon and polyester fabrics. However, its strength degrades rapidly on
weathering and the fabric can only be used with a protective coating. To
date, difficulty is experienced in attaining a satisfactory adhesion of
coatings to polypropylene. As soon as a satisfactory solution can be
found for coating polypropylene fabrics, its high strength-to-weight ratio
will make possible still lighter weight fabrics than can be attained with
present day nylon and polyester fibers.

CHARACTERISTICS

Fiber Strength Characteristicp

The load-elongation behavior of the five fiber typesis shown in
Figure 171. The unit for load in both figures is fiber tenacity in grams
per denier. To convert the load-elongation curves to the standard engineer-
ing stress-strain curves, it is necessary to convert fiber tenacity in
grams per denier to tensile strength in pounds per square inch. The con-
version factor for this is shown in the Wellington Sears Handbook, Refer-
ence 11, is as follows:

Tensile Strength (psi) - 12,800 x sp gr x Tenacity (gpd)

It is readily apparent from the load-elongation curves that, except
for glass fibers, the fiber elongation is not linearly proportional to the
applied load. Each curve shows an initial elastic region at low elongation
followed by a complex flow and stiffening characteristic as the fiber is
elongated to rupture. To obtain an appreciation for fibers with non-linear
load elongation characteristics, reference is made to Dr. Susich's work on
the mechanical conditioning of fibers. In his paper 1 Dr. Susich compares
the load-elongation characteristics of fibers after repeatei loading at
several predetermined -tensions. The results are reported in terms of
the length recovered after the load is removed. The results are given in
percent of initial length. Dr. Susich uses three terms to describe the
load recovery properties of fibers, the first is percent of length re-
covered immediately after removal of the load, Immediate Elastic Recovery,
(IER);the second term represents the contraction of fiber length at some

time after the removal of load, Delayed Recovery, (DR); the third term
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represents a permanent extension of the fiber after the load is removed,
Permanent Set (PS). The results Dr. Sunich found for the fibers considered
in this manual. were extracted from his report and presented in Table VII.

it~L~LV zhcupUL LIOK 01.d httlcU ediCi LyIe 0L aelor-
mation varies with percent of elongation, the higher the percent of elong-
ation, the lower the elastic recovery and the higher the permanent set.
This is characteristic of viscoelastic material. A detailed interpretation
of the fiber load elongation curve is beyond the scope of this manual.
This information is summarized in the Wellington Sears Handbook and
in selected individual papers. References 11, 18, 19, 21, 22, 24, 27, and 28.

The information provided by the fiber load-elongation curve is use-
ful for predicting, as a first approximation, the strength and energy
absorbing characteristics of the fabric. Hence these can be used to select
the fiber type which will best fulfill the particular engineering applic-
ation.

Fabric Strenath Characteristics

The load elongation characteristics of a fabric differ from that
of its component fiber. The load elongation curve for nylon fiber and
fabric is shown in Figure 17 2 and that for Polyester in Figure 173. The unit
for load is given as a percent of rupture load for convenience in comparing
fiber and fabric curves. In order to obtain a better understanding of the
difference in fiber and fabric curves, a brief review of the behavior of
fabrics under stress is in order.

Dr. Haas considered the deformation of a plain weave fabric Lo be
the result of three distinct but mutually interacting mechanisms 21. The
first of these is thread shear, where the mutually perpendicular warp and
filling yarn rotate, changing the angles between the yarns; the second
mechanism is termed thread straightening and results from the over and
under characteristics of the plain weave, each set of yarns bending over
the other set. This bending is also known as crimp. When the, loads are
applied to the two yarn systems, the system under the highest stress will
tend to straighten, transferring part of its crimp to the other set of yarns.
This mechanism is termed crimp interchange. The third mechanism is that of
yarn extension within the weave. Pierce and others have identified a
fourth mechanism which will influence the load elongation behavior of a
plain weave fabric. This ia concerned with the compressive properties and
the bending stiffness of the yarn. Each yarn is subjected to both lateral
compression and bending at every thread crossing. Lateral compression
causes the yarn to flatten under load and allows the weave to extend, and
bending rigidity in increased resistance to extension of the weave.

The sequence with which the interacting mechanism operates is
assumed to be as follows: when the load is first applied, the mechanisms
of shear and crimp interchange predominate. These two mechanisms operate
by a geometric rearrangement of the yarns in the weave rather than by yarn
extension. Thus, the results of initial fabric deformation under load is
independent of the theological properties of the fiber. This mechanism is
indicated in Figures 172 and 173 by the fabric exhibiting a greater extension
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at break than the fiber. This Js due primarily to the crimp in the yarns.
Filling yarns having a greater lnItlal crimp will show a greater extension

t I '1--ad G-. A& Z.t LC......UL LI'-Lt•ed, Lile sLrainL due co sneal ana crimp
interchange reaches a limiting value which is governed by the limiting ex-

tension of the fabric. The limiting extension is reached sooner in a densely
woven fabric, such as the polyestcr of Figure173 than in fabrics of a looser
construction such as the nylon fabric. of Flgure172. This phenomenon is best
illustrated by examining the filling yarn extension for both fabrics. The
polyester filling yarn curve shows a steeper slope at low loads than the
nylon filling curve. Increasing the load at this point will lead to yarn
extensio" and yarn flattening. The latt •r two mechanisms predominate as
the applied stress approaches the rupture load, Also tensile fibers are
viscoelastic. Hence, where fabric loads reach a level when yarn extension
occurs within the fabric, the results of strain becomes time dependent and
thus extension results can vary with the rate of loading of the material.
This is particularly important when rupture strain is considered. Tf the
rate of increase of loading is slow, there is more time for creep to occur
and the breaking extension can be reached at a lower load.

From the above, it is evident that the load elongation response of
a fabric can be highly influenced by the modes with which the loads are
applied and the time rate of loading. F'.ýrther, the mechanical behavior of
fabrics in air-supported structures, where the fabrics are simultaneously
stressed in all directions, cannot be fully predicted on the basis of
uniaxial stress data shown above. It is in this area of study, relative
to the mechanical behavior of fabrics under biaxial struss condiLion,
thnt mueh work rempins ro he done. A more rnmprrehenpive and accurate
theory of the mechanism of fabric stress behavior at low loads, and at
increasing loads to rupture, would be of considerable value in developing
fabrics of minimum weight for a given structural application. Studies
in this area are underway and will be included in this section as results
become available.

To provide the fabric weight relationships required for this
manual, it is necessary to evaluate the rupture load of a series of plain
weave fabrics for each of the fiber types listed below. The rupture load
for each fabric is divided by the fabric weight. Therefore the units of
the weight-strength relationýihip developed are pounds-square yard per
inch-ounce.

In this manual safety factors will be introduced which will enable
the use of the full fabric values shown in Table VII.

It should be recognized that the strength in pounds per inch per
ounce of fabric represents the fabric rupture loads. The percent of
rupture load which can be fully utilized in order to reduce the weigbt
of the fabric cannot at this time be accurately determined. Experience
with radome construction has indicated that base fabric loads, as
determined from the radome manual and before the addition of a safety factor,
can be as high as 20% of the rupture load of the fabric. At this level
of rupture load, fabric extensions are easily obtained and found to vary
considerably even with fabrics produced according to a given Military
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specification. Henc-, it is difficult Lo determine the percent of yarn
ý a.rNIUILL fLU1,i Itb luad eiongaLion curves alone. WIth the development

of an accurate theory of the mechanism of fabric deformation it may be
po:,sible for the designer to exercise his engineerinR jud~ment and riia higher percentage of Lhe breaking load, leading to lighter weight fabrics.

However, each of these problems becomes an individual determination relying
fully upon the load elongation characteristic of the fabrics and the fiber.

Low Temperature Flexibility

The military requirement for tents to be operational at -65*Fis a
difficult one to meet for coated fabrics. MIL-C-43086 is the specific-
ation for vinyl-coated aylon fabric developed for air-supported tents for

use in the temperate zone. It is recommended for use with temperatures no
lower than -1OOF. The weIght of thermoplastic vinyl coating for both
durability and seam strength is 8 ounces per square yard for light weight
fabrics and 15 ounces for heavier fabrics as shown in Figure 174. The
solid line shows the estimated amount of vinyl coating required 'as a
function of base fabric weight for single-ply fabrics. The dashed line
shows the estimated amount of coating required for two-ply fabrics.

MIL-C-43285 is the specification for chloroprene-chorosulfonated
polyethylene coated nylon or polyester fabric developed for tents designed
for arctic use. The weight of thermosetting chloroprene base coating and
chlorosulfonated polyethylene top coating was found to be 10 ounces per
square yard as shown in Figure 174. The small dash line represents a single
fabric, the dash dot line represents the 2 ply fabric.

It should be pointed out that the coating weights as shown in
Figure 174 represent an estimated average weight. The actual amount and
the distribution of coating face-to-back of the fabric depends on end use
conditions. Each problem becomes a matter for individual determination
relying fully on durability and seam strength data, which must be obtained
to insure integrity of the tent.

It should be noted that while the chloroprene- chorosulfonated
polyethylene coating is considered by the Army to be the best cold weather
coating for air-supported tents, the flexing of this coated fabric is
restricted to temperatures ito lower than -40OF. There is an urgent need
for a durable low temperature coating compound which will remain flexible
at-650 Fandwhich can be joined with a seam strong enough to withstand the
tension loads developed by air supported tents.

Dielectric Constant

A low dielectric constant is necessary for good radio frequency (RF)
transmission, an essential requirement for air-supported radumes housing
operating radar equipment. In the past the rough rule-of-thumb guide to
good RF transmission was to keep the thickness of the fabric small in com-
parison to the wavelength and to use fabrics and coatings with low die-
lectric constants. Reference is made to the publication "Studies cf
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Qiantitative Correlation between Btuli Density and Thickness of Fabrics
and their Radar Transmission Characreristic•s' for a more complete
coverage of the electrical characteristics of fabrics.
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SECTION 6

CONCLUSIONS I

A carcuIt u! Lhe wind tunnel tests and analyses represented here-
in, certain conclusions relative to ground-mounted air-supported tent design
and operation may be made. Those conclusions are listed below in very brief
form.

1. Stable single-and double-wail air-supportod tunL configurations
have been successfully tested up to wind velocities of 110 miles
per hour.

2. Of the majcr design variables investigated (other than type anrl
shape factors), which included fabric porosity, operating pressures,
cell size and guy line arrangement, the operating pressures are
most important.

3. The use of porous fabric in single-wail cent construction produced
the following general tent characteristics:

a. Tent lift increased with an increase in fabric porosity for
spherical and cylindrical tents with a 1:2 W/kh and decreased
for tents with a 1:4 W/Qh. h

b. Tent drag increased with increased porosity for spherical and
cylindrical tents.

c. Low porosity fabric reduced tent deflection slightly with no
marked improvement in tent stability.

d. Aerodynamic forces exerted on a tent with elliptical ends are
greater than with hemispherical ends; however, the tent with
elliptical ends had improved stability characteristics.

4. The following tent deflection characteristics prevailed:

a. Minimum tent deflections for single-wall tents occurred at a
height-to-diameter ratio of one-half for all tent configur-
at ions.

b. As would be expected, tent deflection was greatest in the
frontal, windward sector of the tent.

c. Spherical single-wall tents have smaller overall deflections
than the cylindrical tents.

d. For the double-wall tents, an increase in cell size; i.e., cell
width to enclosure diameter ratio, increased tent rigidity
and resulted in less tent deflectiun.
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e. Wind tunnel tests on double wall tents without guy lines have
indicated that guy lines are mandatory to prevent excessive
deformation in hiah winds.

f. For the double wall tents, a guy line configuration wherein
llln ULU aLLat.Aled cat 0.80 and 0.40 ten't hcight and have
angled corner lines produced smallest deflections.

5. Tent enclosure and cell pressures and cell size are all important
factors affecting tent stability. Stability test concluded that:

a. For satisfactory tent stability characteristics, single wall
enclosure and double wall cell pressures of at least free
stream dynamic pressure are required.

b. Enclosure pressure equal to ambient static, or greater, must
be maintained in double-wall tents to preclude early tent
buckling.

c. The stability of cylindrical double-wall tents was found to be
less than tor cylindrical single-wall tents and is believed to
result from flow conditions around the double-wall tent flat
ends.

d. No significant gains in double-wall tent stability were
achieved beyond a cell pressure of sixteen inches water gage.

e. Proper guy line arrangement provides some additional stability
at recommended operating pressures. The best guy line con-
figuration tested consisted of a combination high (0.8 tent
height) and a low (0.4 tent height) side line arrangement
and angled corner lines.

f. The use of wind aprons around a tent reduces its motion in a
steady wind stream. However, at critical wind attitude
(quartering winds) the loading is greater than with guylines.

6. Additional information is required to determine the effect of
tent vibration on fabric properties before useful information can
be supplied to the tent designer.

7. Double-wall tent vibrational frequencies as high as 59 cycles per
second were measured during testing for both the guyed and un-
guyed configurations. Vibration amplitude was, as expected,
greater for the unguyed than for the guyed tent.

6, Stress analyses of spherical and cylindrical single-wall tents
within proportions tested can be accomplished using the design
curves developed in this study for the Design Manual for Ground-
Mounted Air-Supported Structures (single-and double-wall). Stress
variation with apex angle, 0, can be determined for spherical
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shaped tents. Additional theory development and analysis is needed
to refine stress profiles on cylindrical modplsa I

9. In the strength study of the double-wall tent, the maximum stress
resultanta were found in cithcr the hoop ur web stresses. Hoop
stresses were greatest when nell angle, ac, was greater than 300

and when a was less than 300, the web stress is greatest. Merid-c

ional stress resultants were smaller than the other components in
both cases. Fabric stresses were found to increase with an in-
crease in cell pressure.

IQ. In the cellular beam tests, it was found that the value of M/PTr

at which initial wrinkle occurs varies with the cell width-to-
tent diameter ratio and the internal pressure, and is lower than
generally believed. The flexural rigidity, too, was found to vary
with regard to the same parameters. Curves are included in this
document to show the variation of the quantities.

Comparison of theoretical pressures calculated to prevent wrinkling
at various dynamic pressures with wind tunnel tests indicates that
the pressures actually required are 1/5 of those calculated. Design
curves reflect this fact.

11. The design of double-wall tents should not allow wrinkling, even
for the severest of the design loads. The tests and the theoretical
studies both show that deformation becomes excessive almost immedi-
ately after wrinkling begins.
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SECTION 7

RECUMMENDATIONS

The following areas of investigation warrant further study and test-
ing as a result of the information obtained from this program in order to
increase the utility and accuracy of the design presented herein.

1. Additional double-wall tent tests are required to firmly
establish the data variation with tent shape parameters as for the
single-wall case.

2. The effects of adjacent tents or structures on tent loads and
stability characteristics were not measured during these tests and
possibly should be evaluated in future tests.

3. Additional wind tunnel tests should be performed on selected
single-and double-wall tent configurations to obtain sufficient
vibrational data to evaluate tent shape and material fabric fatigue.

4. Further analyses and tests are required to fully evaluate the use
of wind aprons to improve tent stability and anchor loads.

5. Analyses and static beam tests should be accomplished to determine
the effect of concentrated loads on inflated beams.

6. Fabric studies should be made to investigate fabric orientation
or skew on stiffness of inflated beams.

7. Full-scale tentage tests should be made to evaluate Reynold's

eumber effects on tentage data presented in the Design Manual.
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SECTION 8
SUMM'ARY

The objective of this program is to provide information based on
wind tunnel test data that can be applied either to the evaluation and im-
provement of existing ground-mounted air-supported tents or tu the design
of such future structures. The data presented are the results of a program
conducted by the Hayes International Corporation of Birmingham, Alabama
under Contracts DA 19-129-AMC-129(N) and DA 19-129-AMC-953(N) for the U. S.
Army Natick Laboratories, Natick, Massachusetts.

The program consisted of study, test and analytical investigation
phases which began in July 1963 and concluded in M-y 1968. During the
study phase, a review was made of pertinent literature on experimental
techniques, data and analyses applicable to determining maximum aerodynamic
force on and stresses in fabric structures. The wind tunnel investigations
consisted of detailed testing of thirty-six tent models to include seven-
teen single-wall tents (eleven with non-porous and six with porous fabric)
and nineteen double-wall tents. Tests were conducted at stabilized wind
speeds up to 110 miles per hour in the Virginia Polytechnic Institute's
6' x 6' stability tunnel. In the analytical phase, test data were used
to develop fabric stress and aerodynamic coefficient data variation with
tent parameters.

The results of the wind tunnel investigations and the stress analyses
have been incorporated into this manual and includes comprehensive, practical
design data suitable for engineering reliable, stable, single-and double-wall
air-supported tents of minimum weight and cubage. Data, in general, are
presented in non-dimensional coefficient form, and therefore, are applicable
to full-scale tents within the range of parameters investigated. Design
information is presented as charts and tables on such items as tent aero-
dynamic force and moment coefficients, anchor and guy line coefficients,
sinface deflection, material stresses and specifications, usable volume,
and weight.

119

LI

a,



SECTION 9

1. Bird, Walter W., "Design Manual for Spherical Air Supported Radomes"
Report No. UB-664-D-1, Cornell Aeronautical Laboratory, Buffalo, New
York, October 1950.

2. Bicknell, J. and R. Yeghiayan, "Wind Tunnel Tests on an Air Supported
Tent Model". Report No. 1024, Massachusetts Institute of Technology,
Cambridge, Massachusetts, June 1963.

3. Pope, Alan, "Wind Tunnel Testing". Second Edition, John Wiley and
Sons, Inc., New York, New York, 1954.

4. Liepmann, H. W. and A. Roshko, "Elements of Gasdynamics". John Wiley
and Sons, Inc., New York, New York, 1957.

5. Dwinnell, J. H., "Principles c•f Aerodynamics". McGraw-Hill Book
Company, Inc., New York, New York, 1949.

6. "Ground Radome Study, Final Report" WD:-TR-1936, Philco Western
Development Laboratories, Palo Alto, California, December 1962.

7. Sevin, Eugene, "Analytical and Experimental Studies of Spherical
Rigid Ground Radomes" Final Report 8154, Armour Research Foundation,
Chicago, Illinois, February 1961.

8. Foerster, A. F., "Stress Distribution and Stability Criteria of
Spherical Ground Radomes Subjected to Wind Loads". Proceedings of
the OSU-WADC Radome Symposium, WADC-TR58-272, Vol. 1, Ohio State
University, Columbus, Ohio, June 1958.

9. Timeshenko, S., Theory of Plates and Shells, McGraw-Hill Book Company,
Inc., New York, New York, 1940.

10. Flugge, Wilhelm, Stresses in Shells, Springer-Verlag, Berlin/
Gottingen/Heidelberg, Germany, 1962.

11. Wellington Sears Handbook of Industrial Textiles, Wellington Sears
Company, Inc., West Point, Georgia, 1963.

12. ASTM Committee D-13 ASTM Standards on Textile Materials, American
Society for Testing Materials, Philadelphia, Pennsylvania, 1964.

13. American Association of Textile Chemists and Colorists Volume No. 40,
Howes Publishing Co., Inc., New York, New York, 1964.

120



14. Federal Specifications, Textile Test Methods CCCTI91, General
Services Administration, Business Service Center, Region 3,
.o..6a&ILALUIL, U. U., 17-U.

15. Cornell Aeronautical Laboratory. Inc.. "Design Manual for Rpber-
ical Air Supported Radomes (Revised)". Contract AF 30(602)-976,
Rome Air Development Center, Griffiss Air Force Base, Rome, New
York, ASTIA Report No. UB-909-D-2, 1958.

16. Monego, C. J., "Air Supported Tents for Military Use" ME-3, U. 5.

Army Natick Laboratory, Natick, Massachusetts, 1965.

17. Monego, C. J., "Studies of Quantitative Correlation Between Bulk
Density and Thickness of Fabrics and Their Radar Transmission
Characteristics". U. S. Army Materiel Comuand, U. S. Army Natick
Laboratories Technical Report ME-2, Natick, Massachusetts, 1965.

18. Susich, G. and S. Backer, "Tensile Recovery Behavior of Textile
Fibers", Textile Research Journal 21, Princeton, New Jersey,
1951, pp. 482.

19. Hamburger, W. J., 1I. M. Morgan, and M. M. Platt, "Mechanics of
Elastic Performance of Textile Materials; Part X, Some Aspects
of Elastic Behavior at Low Strains", Textile Research Journal 22,
Princeton, New Jersey, 1952, pp. 695.

20. DuPont, E. I. de Nemours & Co., Tensile Stress-Strain Propertiel
of Fibers, Bulletin X-82, Wilmington, Delaware, May 1958.

21. Haas, R. Dietzen, "National Advisory Committee for Aeronautics
Report No. 16" - Annual Report, 1917, pp 144-271; translated by
K. K. Darrow originally, published by Springer-Verlag, Berlin 1912.

22. Pierce, F. T., "The Geometry of Cloth Structure", Journal Textile
Institute, 1937, 28 p T45.

23. Monego, C. J., "The Biaxial Stress-Strain Behavior of Fabrics".
Presentation before the Fiber Society in Wilmington, Delaware,
5 October 1964.

24. Textile World, Man-Made Fiber Chart, McGraw-Hill Publishing
Company, Inc., New York, New York, 1964.

25. Crory, F., R. Reed, W. Tezzard, and G. Font-Journey, "Installation
and Testing of Arrowhead Universal Ground Anchors in Frozen and
Thawed Ground" U. S. Army Cold Regions Research and Engineering
Laboratory, Hanover, New Hampshire, 1964.

121



26. Marks, Lionel S., Mechanical Engineers Handbook, McGraw-Hill
u~~d.1t4..w v ,, ~a. nk Nwv York. 194 1.

27. Topping, A. D., "Shear Deflections and Buckling Characteristics
of Inflated Members", J. Aircraft, September-October 1964.

28. Topping, A. D., "An Introduction to Biaxial Stress Problems in
Fabric Structures", Aerospace Engineering, April 1961.

1
9

P..



GLOSSARY OF TERMS

ReYnold's Number - A dimensionless parametric ratio of the inertia forces
and the viscous forae6 acLlug un a body immersed in a moving tki"&. The
mathematical expression for Reynold's Number is

R. pUd S~1.

Critical Revnold's Number - The Reynold's Number at which the boundary layer

upntream of a point of separation changes from laminar to turbulent flow.
The critical Reynold's Number for both spheres and cylinder is approximately
500,000.

Dynamic Pressure - Also referred to as impact pressure or velocity pressure
and is that portion of the stagnation pressure which results from the motion
of the fluid. The mathematical expression for dynamic pressure is

1
2= pU'

Potential Flow - A theoretical treatment of fluid flow which assumes the
fluid to be inviscid. Consequently, a body in motion with potential flow
has a symmetrical pressure distribution which results in zero drag forces.

Horizontal Buoyancy - The general tendency for the model in a closed jet
wind tunnel to be "drawn" downstream due to the longitudinal static pres-
pure gradient that exists in the test section.

Solid Blocklng - The increase in air velocity due to the presence of a model
in a wind tunnel test section caused by the reduction in the area through
which the air is allowed to flow.

Planform Area - Maximum projected area in horizontal plane.

si:. w.g. - Gage pressure expressed in inches of water.
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SYMBOLS

A c Cross-sectional area (i)

A Ueil Cross(Sectional area (Vz)
, e

A Af Floor area (12

S A Orifice area (12

OA p Planform. area (A2)

SAs Surface area (12)

S At Tent enclosed cross-sectional area (12

S a Ellipsoidal semimajor axis (1)

AL Anchor load (f)

b Ellipsoidal semiminor axis (1)

C AL Anchor load coefficient, single-wall tent

CBL Base anchar load coefficient, double-wall tent

Cc Coefficient of contraction

C D Drag coefficient

C GL Guy line coefficient

C L Lift coefficient

S~Pitching moment coefficient

CN Yawing moment coefficient

CO Orifice coefficient

CR Rolling moment coefficient

S• Side force coefficient

SC1, 2, C , C• Constants in piece-wise linear deflection solution

Sc Linear measure of wrinkling (1)
SCL Curtain Load (f)

D Drag (f)
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DB Drag correction due to horizontal buoyancy (f)

E Modulus of elasticity (fl-1 )

G Shear modulus (fl-)

GL nuyline load (f)

h Tent height (1)

hr Distance from ground plane to center of curvature (1)

I Mument of inertia about centroidal axis (1-3)

K Tent model shape factor

k p Impact pressure correction factor

L Lift (f)

LB Lift along body axis (f)

Lb Beam length (1)

Ph Tent length (1)

k Distance from model nose

M Bending moment (fl)

Mm Yawing moment (fl)

M y Rolling moment (fl)

Nh Hoop stress resultant (fl-1 )

Nw Web stress resultant (fl-)

Nx Longitudinal stress resultant (fl-1)

N6  Circumferential stress resultant (fl-1)

N1 Meridional stress resultant (fl"1 )

N xN8 Shear stress resultants (fl-1)

n Number of cells

( )n( )n n th term of general equation
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P Static pressure (f1- 2 )

P, Applied axial load (f)

P Cell pressure (f1- 2 )

Pe Tent enclosure pressure (fl2)

Pext External load (fl-1)

P Initial axial load (f)0

P T Total axial load (f)

P Stagnation pressure (f1- 2 )
t

P Side force (f)
y

Pyr Side force in body coordinate system (f)

p Static pressure

Q Volume flow (1 3t- 1 )

q Dynamic (impact) pressure (f1- 2 )

R Universal gas constant

RN Reynolds number

r Tent radius (1)

r Cell Radius (1)

ri Inside tent radius (1)

r Outside tent radius (1)

Sc Wind tunnel test'section cross sectional area

Sx Model cross sectional area

So, $8, S Arc lengths in directions (1)

T Absolute temperature (T)
* +

T, T Guy wire tension (f)

U Velocity (lt-1 )

u, v Displacements (1)
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V Shear (f)

"c Cell volume (i-)

V Tent enclosed volwe (13)

W Tent width (1)

w Cell width (1)

x, yp zo xo y, z Cartesian coordinates (1)
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GREEK SYMBOLS

Tent reference angles

a c Cell angle

y Ratio of tent volume to weight (13f- 1 )

Yb Shear strain

6B Rear tent deflection (1)

6 F Front tent deflection (1)

SH Top tent deflection (1)

E:SB Correction factor for solid blocking of
wind tunnel due to model presence

S~Circumferential strain

C Meridional strain

Correction factor for wake gradients

Curvilinear coordinates

a1, 62, 63 Angular measure of wrinkling

K Curvature (1- 1)

Ratio of effective to-geometricimuoment of inertia

Eccentricity parameters

Viscosity of air

Poissons ratio

ST, X Unit vectors

P Density of air (f1- 3)

Pb Radius of curvature (1)

Angle subtended by curved beam

Tent yaw angle

Flexural rotation of face of beam-
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I
Fabric unit weight (fl-")

Kotation of beam centerline j
{s} Extended stress resultant vector

{u) Displacement vector

{z} Extended state vector

[A) Rigid body transfer matrix

(BJ Element flexibility matrix

LCJ Extended equilibriun matrix

IF) Extended field matrix

(P) Extended point matrix

CUl Extended accumulated matrix

f denotes units of force

I denotes units of length

t denotes units of time

t denotes units of temperature
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Table I

Wind Tunnel Model Dimensional Data

Single-Wall Tents

Width Fabric Porosity
onfiguration Length Width Length Height cu.ft./min. ft.2

7/8 Sphere 1:1 23.4 23.4 20.5 0

3/4 Sphere 1:1 27.0 27.0 20.3 0

1/2 Sphere 1:1. 30.8 30.8 15.4 0

1/2 Sphere 1:1 30.8 30.8 15.4 0-5

1/2 Sphere 1:1 30.8 30.8 15.4 10-15

3/8 Sphere 1:1 37.2 37.2 13.9 0

3/4 Cylinder 1:2 15.8 34.9 11.9 0

3/4 Cylinder 1:4 11.2 46.1 8.4 0

13/4 Cylinder 1:4 11.2 46.1 8.4 10-15

.1/2 Cylinder 1:2 19.4 42.8 9.7 0

1/2 Cylinder* 1:2 19.4 38.8 9.7 0

1/2 Cylinder 1:2 19.4 42.8 9.7 0-5

i1/2 Cylinder 1:2 19.4 42.8 9.7 10-15

1/2 Cylinder 1:4 13.8 57.1 6.9 0

3/8 Cylinder 1:2 22.0 49.6 8.6 0

3/8 Cylinder 1:4 15.4 66.5 6.0 0

3/8 Cylinder 1:4 15.4 66.5 6.0 0-5

Notes:

1. All dimensions are in inches.

2. All models had hemispherical ends with the
exception of the model configuration indicated
with an asterisk (*). This model was equipped
with an elliptical end at semi-axes 4.8" and
9.711.
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Table II

Wind Tunnel Model Dimensional Data

aTents
""Width Cell Width

Configuration Length Width Length Height Encl. Diam.

3/4 Cylinder 1:1 22.4 22.4 16.8 0.082

3/4 Cylinder 1:1 22.4 22.4 16.8 0.123

3/4Cylinder 1:1 22.4 22.4 16.8 0.164

3/4 Cylinder 1:2 15.8 31.6 11.9 0.123

1/2 Cylinder 1:1 27.4 27.4 13.7 0.082

1/2 Cyliuder 1:1 27.4 27.4 13.7 0.123

1/2 Cylinder 1:2 19.4 38.8 9.7 0.123

1/2 Cylinder 1:4 13.8 57.8 6.9 0.123

3/8 Cylinder 1:1 31.1 31.1 12.1 0.123

3/8 Cylinder 1:2 21.8 43.5 8.6 0.082

3/8 Cylinder 1:2 21.8 43.5 8.6 0.123

Notes:

1. All dimensions are in inches.

2. (*) model tested with and without wind
curtain installed.

- 1

131

Li-



C141
T C, 0

01

_0 00 z
Hc

ý4 a

00 41 Go
cn 0 0 t-4 04 LA 0n M C) 0

wt .4 4- -4I N 0 :j
(U *- M0~

(d- 1 0 1 m~ H -4.

-H 41
4.4 ý- %0 -r MJ- C1 NZH14 1 N

en- I0 C1HO C

CP- 0- .- 4 c c c H -4 -4 u LA LA4c ~ -

C-) 0 r M N N 4 N N 0 0%4 c

(0 10 1. ,-4 m `H .- lu ,d H0

0) H co a'n

(1 0 0i~ C
'. % % N IT en 0 ý as 0 ON 41

cc~O 00 91 cc 0 0 A L L
0 0

IIj *- r- u u Z

w 44-4 44 0
IH Ln (U 4)
H1 ON e HU) Q 0 0 -
4- *N O c 0 s N 1*0

0- 04 LA ,c #A U')I H

1* 00 0 '1
0 H 0 Id~~~~- - - - - - - - - - - -0 4*1-
.9 I-' 0n r wu

H Z 0COCC

r-. N - C'~ H C 00 Go0%44.
_ C") -4. en N 0 A '0 1 ~ N c 0



Table IV

Spherical-Ellnaon4dml r^-.-AA-

• - 1 2 - 1/2

*6* e
15 0 5.000 0.00015 30 5.544 16.10215 60 7.535 40.89315 90 9.925 90.00015 120 7.535 139.10715 150 5.544 163.89815 180 5.000 180.000
45 0 45.000 0.000

45 30 47.969 16.102
45 60 56.518 40.893
45 90 63.435 90.000
45 120 56.518 139.107
45 150 47.969 163.898
45 180 45.000 180.000
90 0 90,000 0.000
90 30 90.000 16.102
90 60 90.000 40.893

90 90 90.000 90.00090 120 90.000 139.10790 150 90.000 163.89890 180 90.000 180.000
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Table VI

Effect of ac,n on Double-Wall Tent Weight

Tent Tent Absolute Percent
Parameter 1 2 Difference Difference

n 12 8 Down 4 33
a 350 - 48' 720 - 00' Up 360 - 12' 101

Volume 2234.1 ft. 3  2421.6 ft. 3  Up 187.5 ft. 3  8

Weight 264.0 lb 246.8 lb Down 17.2 lb 7

Length 140.4 in. 152.2 in. Up 11.8 in. 8

S r m m m m p.



Table VII

Load Recovery Properties of Fibers

From Susich &Backer

-- . i e Spun c Filament I Glass *
Polyester Nylon Acrylic Acrylic* Fiber Polypro lene*

At 5% Strain

IER*** 38 38 42 NA -NA

DR*** 52 59 30 NA - NA

PS*** 50 3 28 NA - NA

At 105 Strain

IER 27 28 27 NA 7 NA

DR 46 67 43 NA 1 NA

PS 27 5 30 NA 3 NA

At 50% Elongation at Break

IER 28 27 30 NA 78 NA

DR 50 67 45 NA 19 NA

PS 22 6 25 14A 3 NA

At 50% of Breaking Tenacity

IER 33 29 33. NA 78 NA

DR 52 67 52 NA 19 NA

PS 15 4 15 NA 3 NA

*Data not available

**Breaking extension 5%

***IER: Immediate Elastic Recovery; DR: Dela 4d Recovery; PS: Permanent Set
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IU

[--Air From Shop Supply

/ Regulator (Z) for
Enclosure Inflation

f )••1/4"1 ID

Reglaor i)Plastic Line

d•Fo ell In~flation

S~Tent

1/4 "ID

Air Hose.,,.lour 
Call Structure

Figure 2. Tent Inflation Schematic
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Velocity 1q)
Static Measuring Probe

Pitot-

Ground Tent

From 'rent Cell From Tent
Structure Enc osure

pitot itti

iCell Enclosure
'SManometer Pressure Pressure

Manometer Manometer

Manometer Board

Figure 3. Pressure Instrumentation Schematic
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3/4 Sphere 3/8 Sphere

1/2 Sphere 7/8 Sphere

Figure 4. Single-Wall Spherical Tents
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3/4 Cylinder 2/2 Cylinder

Hemispherical Ends Hemiapherical Ends

3/8 Cylinder 1/2 Cylinder

Hemispherical Ends Elliptical Ends

Figure 5. Single-Wall Cylindrical Tents, W/th 1 1/2
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3/4 Cylinder 112 Cylinder
Hemispherical Ends Hemispherical Ends

3/8 Cylinder

Hemispherical Ends

Figure 6. Single-Wall Cylindrical Tents, W/gh 1/4
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AI
II

3/4 Cylinder 3/4 Cylinder
Cel] Width/Enclosure Dia. 0. 082 Cell Width/Enclosure Dia. = 0. 123
Vertical Sides Sloping Sides

3/4 Cylinder 3/4 Cylinder
Cell Width/Enclo!;ure Dia, 0. 164 Cell Width/Enclosure Dia. = 0.O8Z
Sloping Sides Sloping Sides

Figure 7. Double-Wall Cylindrical Tents, W/2h - 1/1
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3/8 Cylinder 3/4 Cylinder
W/Ih =1/1 W/fh= 1/2

1/2 Cylinder 1/2 Cylinder
W/th= 1/2 Wf'ih=1 /4

Figure S. Double-Wall Cylindrical Tents, W/kh 1/1, 1/2 & 1/4
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Side Curtain

Side and End Curtains

Fih~urv 9. Curtain Confipuratioll., for
Double-Wall Tents, 1/2 Cylinder, W/-Zh 1/2
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WIND CURTAIN CONFIGURATIONS

Figure 10. Illustration of Curtain Configurations f or
Doubl1e-Wall Tents, 1/2 Cylinder, W/Z h -1/2
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12

Notes:

1. Anchor Positions Indicated by

Squares on Base Plate.

4. Active Instrui-ents Indicated
:4by Numbers.

16 4

Figure 13. Single-Wall Tent Strain Gage Locations, 3/4 Sphere
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+L, +LH

+T

+D)

+ +p

Figure 16. Coordinate System for Transformation
from Wind Axes to Body Axes
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MAXIMUM LI11T COEF]"ICIENT
SIN~GI F-WALf. SPHERES

Note:I (*) Fabric p~ori t,,iy, cui. tt. / nin./sq. ft. 011i 6 in. w. g

0.8 7 ti +HIf0
f tH :-Ml61

04HERM-IfV

0.5

0.64

0.4 01 0H1 0.7 0.8 0.9:

Tent Diameter d

Figue 2. Vriaionof Lift Coefficient with Shape and Fabric
Figre22 PVroiatyo TSpentca Single-Wal Tents)
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MAXINM JM C f(OE F FICI ENT
S1N(;LL-WAA [A, 1:2 CY LINDERS

Note:
(')Fabric porot, ity, cu.* ft. 1min r. ft. 0d1 6 in. w. g

0.10 q T.: i~

0. 9

0. 8

0.7 
i

00
0. 6

0. 4

0, .40 )60. 7 0.8 0.9

TFent DiarnelTtpr d

Figure23. Variation of Lift CofeIfficient with 1IdUpO udfi Fabric
Porosity (Cylindrical Single-Wal[ Tents; 1:2 WV
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MAXvIMUM LIFTrCOVEFFICIENT

SINGLE-WALlT L4 CYLINDERS
(Iletu~sphierical. Ends)

Note:
Faric porositv, cu. ft./ /rin. /sq ft. 0i 6 in. w. g.

0-.9 
)6i.w g

0.BM 111iililfl 1111111HI[il1 -1 111 1H l

'1--

0.' 1- 4,il il11 l T Il4 1f

:41W II4
RM Al1110 f l

0.6

0.6 0. H. .

Tent Height h
Tent Diameter

Figure 24. Variation of Lift Coefficient with Shape and Fýabric
Porosity (Cylindrical Single-Wall Tents, 1:4 W/oIh)
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MAXIMUM LIFT COEFFICIENT

SINOLE- WALL SPHERES '\ND CYLINDERS
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MvAXIMUTM LIFT C GEi'FIClENT
DOUBLE- WýALL (CYLIND)ERS
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MAXIMUM LIFT COEFFICIENT
DOUBLE-WALL CYLINDERS

Legend:
-Tent Anchored Only
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MAXIMUM DRAG ')FVCJN
SINGLE-WALL 1:4 (.,YLINDE,.RS

(Hemimpherical Ends)I
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MAXIMUM DRAG COEFFICIENT
SINGLE-WALL, SPHERES AND CYLINDERS

0. 6

0.5

0.

U4

0.

Tent Height h
Tent Diameter d

Figure 31. Variation of Drag Coefficient.With Shape (Spherical
and Cylindrical Single--Wall T-ents; 1:2, 1:4 W/1h)
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MAXIMUM DRAG COEFFICIENT
DOUBLE-WALL CYLINDERS

0.8

Legend:
X - Tent Anchored Only

------ Tent Anchored and Guyed
0.7

0.6
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O.Z

4-1 0.5

0.1
0.3. 0.4 0.5 0.6 0.7 0.8 0.9

Tent Height h
Tent Diameter d

Figure 33. Variation of Drag Coefficient with Shape

(Non-Porous Double-Wail1Tents; 1:1, 1:2, 1:4 W/th)
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MAXIMUJM MOMENT COEFFICIENT

SINGLE-WALL SPHERES
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MAXIMUM MOMENT COE2FFICIENT
SINGLE:-WALL 1:4 CYITNTFWr~I ~(Hemispherical Ends)I

Note;

-0.7. (fl Fabric porosity, cu. ft. /min. /sq. ft. @ 6 in. w. g.

-0.6

-0.5

0 ---

U

-0.5X

0

-0.4 4

-0.

Tent Height h
Tenit Diameter' d

Figure 37.. Variat~ion of Mornent Coefficient with Shape and Fabric

Porosity (Cylindrical. Single-Wall Tents, 1:4W/
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Figure 38. Variation of Moment Gocýfficieuit with Shapo (Spherical
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I
MAXIMUM MOMENT COEFFICIEN'1

DOUBLE-WALL CYLINDERS
Legend:

Tent Anchored Only

---- Tent Anchored k Guyed

Side Curtains Only

Side and End Curtains
U
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* Figure 41. Variation of Moment Coefficient with Shape
.(Non-Porous Double-Wall Tents; 1:; W/th)
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II
O~450

1 2

; IStrain Gage Position

Double-Wall, 1/Z Cylinder 1:1 -

Without Guy Lines

Figure 44. Variation of Anchor Load Coefficient with
Wind Direction, Double-Wall Tents
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MAXIMUM AERODYNAMIC ANCHOR LOAD COEFFICIENT

SINGLE- WALL SPHERES AND CYLINDERS
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Figure 45. Variation of Anchor Load Coefficient With Shape,

Single 4Wall Tents
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MAXIMUM BASE ANCHOR LOAD COEFFICIENTS
DOUBLE-WALL CYLINDERS
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MAXIMUM TENT DEFLECTION

SINGLE-WALL SPHERES

Note:
(*) Fabric porosity, cu. ft. /min. /sq. ft. @ 6 in. w. g.

0. 3
Cond: . -.
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MAXIMUM TENT DEFLECTION
SINGLE-WALL 1.2 CYLINDERlS

Note(Hemispherical -vnds)

Fabric poroi *cu. ft . .nI, . ~ .t ./ 6 in. w

0. 1I IIi14

JII
03 .......6.. 00.

Figure o 5 oVriation o -Tent Defleto wjTith haean abi
Porosity (Clndia Single-Wall4Tents, 1I.
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MAXIMUM TENT DEFLECTION
SINGLE-WALL 1:2 CYLINDERS

0.3

0.2

Ke

0.1

I , 0
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0.3 0.4 .5 0.6 0.7 0.8 0.9

Tent Height h

Tent Diameter d

Figure 52. C-o-pari on of Non-Porous Tent bDelection with
Shape (Cylindrical Single-Wall Tents, 1:2 W/Zth)
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MAXIMUM TENT DEFLECTION

SINGLE-WALL 1:4 CYLINDERS

(Hemispherical Ends)

Note: 3
(*) Fabric pnrcsity, cu. ft.1rain. /sq. ft. @ 6 in. w. g.

0. 7

Cond:
1. aF Non Porous.
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S~Figure 5t. Variation of Tent Deflection with Shape and Fabric
I ~~Porosity (Cylindrical Single-Wall Tents, 1:4 W/')t9
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DOUBLE-WALL, 3/4 CYLINDER, 1:1 WIDTH/LENGTHRATIO
GUY LrTNr.." ATTAC'HED-r, 0n n. 0.46. T ? Iiii. w

Note: Cell Width/Enclosure Diameter = 0. 123

Cond: q 6. 0' w, g.

0. 3

0.12

0HEI
E-4

0.1.

0 5 10 15 20 -25 30

Cell Pressure, P in. w. g.,
C

Figure 55. - Variation of Tent Deflection with, Cell Pressure.

Guy Lines Attached at 0. 80 and 0.40 Tent Height
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MAXIMUM TENT DEF~LECTION
DOUBL~E-WALL CYLINDERS3
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TENT DYNAMICS
Without Guy Lines Installed

I -0
so

It30

20•,0 10 is. 20 zs, 30 i

Cell Pressure, Pc, Inches HO:
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NOTE: - is peak to peak amplitude, superimposed on basic - values.
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.Figure 59. Tent Frequency and Amplitude of Vibration, Without Guy' Lines Installed
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TENT DYNAMICS
Guy Lines Installed

s o , .. ......
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1ý 30

Cell Pressure, P., Inches H2 0

,NOTE: to i peak to peak amplitude, superimposed an basic - values.
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TENT DYNAMICS
Cell Size .082

with uy G Lines Installed
Without Guy Lines Installed 1

5C

04.

U

S40,
3

24 230
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Cell Pressure, Pc, Inches HFO

Nf Sf
NOTE: is peak to peak amplitude, superimposed on basic - values.r . r
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.01

Cell Pre sure, PI, .'Inchqa 2 1 O

Figure 61. Tent Frequency and Amplitude of Vibration,
Comparison of Guyed & Un.uyed Conditions
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Wind Dircti. r

(a) Spherical Coordinates

SSP

(b) Cooidinates on Spherical Ends

(c) Conversion from a,$ to f,e Coordinates

Figure 62. Coordinate Systems Pertaining to Spherical Tents
and Spherical Ends of Cylindrical Tents
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Figure 63. Typical Pressure Distribution on a Spherical Shell
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Figure 65. Ellipsoidal and Spherical Coordinates
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Wind
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True Pressure Distribution

Third Order Polynomial Curve Fit

Figure 67. Wind Load on Ellipsoidal End
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Figure 68. Coordinate System and Membrane Stresses for a
Truncated Spherical Shell
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(a) Combined Radial Load
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Load Deformation
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(c) Equilibrium

Figure 69. Loading and Deformation of Cylindrical Tent
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SINGLE-WALL SPHERES
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Figure 71. Typical Stress Coefficients, Single-Wall Spheres, h/d -1/2
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Figure 167. Variation of Meridianal Stress Resultant with Impact
Pressure, q; Double-Wall Cylinders, w/d 0.08, 90
Sloping Sides, h/d - 0.8
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13. ABSTRACT (cont'd)

Tests were conducted at stabilized wind speeds up to 110 miles per hour in
the Virginia PolytechuLe luwLiLuLe's six-foot by six-foot stability tunnel. In
the analytical phase, test data were used to develop fabric stress and aerodynamic
coefficient data variation with tent parameters.

Results of the wind tunnel investigations and stress analyses have been
incorporated and include comprehensive, practical design data suitable for engin-
eering reliable, stable, single- and double-wall, air-supported shelters. Data,
in general, are presented i. nondimensional coefficient form, and, therefore, are
applicable to full-scale shelters within the range of the parameters investigated.
Design information is presented an charts and tables on shelter aerodynamic force
and moment coefficients, anchor and guy line coefficients, structural deflection,
vibration, and material stresses.
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